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Abstract i
Abstract
Uie public water supply in Gennany is mainly based on gi’oundwater, and gieat caie is taken 
to protect these water resources. A major challenge is, however, the remediation of polluted 
aquifers. Such is the case at a former gas works site in KaiisiTilie, Germany.
The “Gaswerk Ost” of the local gas and water supply company, the Stadtwerke Karlsmhe, 
was in operation for nearly 80 years until it was closed down in 1965. Unwanted by-products 
from the gas production still contaminate the soil and groundwater of this site. The main 
contaminants are benzene and polynuclear aromatic hydrocarbons (PAH) such as acenaph- 
thene, acenaphthylene, fluorene and fluoranthene. For remediation a novel passive 
methodology was planned. It was decided to install a fumiel and gate system to purify the 
contaminated groundwater in situ by letting it pass tlrrough subterranean activated carbon 
reactors located downstream of the polluted site. During the construction of the remediation 
system a further pollutant, vinyl chloride (VC), was detected in tire groundwater, a substance 
which could not be removed adequately by the teclmology employed.
Tire objective of this research project was to find out whether tire PAH arrd virryl chloride 
could be rerrroved from the groundwater by UV iri'adiatioir prior to the activated carborr 
filtratiorr. Irrvestigatiorrs corrsisted of two parts: laboratory experimeirts were conducted to 
prove the gerreral degr adability of the pollutarrts and field experirrrerrts were canied out to 
confirm these results on a pilot scale, hr additiorr to sole UV inadiatiorr, ozorration and 
advarrced oxidatiorr processes (AOPs) such as UV/aeratiorr, UV/lrydrogen peroxide and 
UV/ozone were performed in the laboratory to gerrerate highly reactive hydroxyl radicals.
For the corrtamiirants preseirt at the gas works site, the irrdividual molar absorption 
coefficierrts were determirred at 254 rrm to estimate the degr*adatiorrj performance by direct 
photolysis at the mairr emissiorr line of the UV lamps used for the irradiatiorr experirrrerrts. It 
could be showrr that all investigated substarrces were degradable in model test solutiorrs 
prepared with reverse osmosis water, the degradatiorr of PAH being sigirificairtly better tharr 
that of berrzerre arrd VC dependirrg orr the absorption of UV light of the irrdividual substances. 
During the irradiatiorr of acerraphtherre the detectiorr of by-products with air aromatic 
character showed that no complete irrirreralisation could, however, be achieved in an 
acceptable period of time.
Degradatiorr experiments performed irr tap water as well as in grourrdwater showed slower 
degradatiorr behaviour due to the Iriglr carbonate arrd bicarbonate corrcentratiorrs arrd a high 
organic carbon corrtent, mainly resulting from humic substarrces in the case of grourrdwater. 
Tire Irigh iron corrcerrtratiorr of the reduced grourrdwater led to arr irrcrease irr turbidity during 
irradiatiorr, since irorr II was oxidised to irorr El.
Abstract ii
111 contrast to UV irradiation only, better results were achieved witli combined treatment 
methods and with ozonation. For all methods tested in the laboratory the “Electrical Energy 
per Order of Magnitude” ( E e o )  was calculated from the degradation data, ozonation being 
most efficient for all investigated substances with regard to the energy consumption.
On the basis of the laboratory findings it was decided to perform not only UV experiments at 
the gas works site but to extend the in-situ investigation progiamme by including ozonation. 
Witli UV irradiation the concentrations of the PAH acenaphthylene, fluorene, fluoranthene 
and pyiene could be reduced by neaiiy 90%. The total efficiency of UV inadiation in this 
specific gi'oundwater was, however, unsatisfactory because the main contaminant acenaph- 
tliene was removed by only 50% to a concentration of approximately 35 pg/1 (remediation 
tai'get value = 0.2 pg/1) although 1.33 kWli per m  ^were applied with four lamp modules, each 
containing six lamps. In contiast to tliis, ozonation resulted in a complete elimination of VC 
and PAH as well as nearly 90% removal of benzene, thus confiiming the laboratory findings. 
As almost all contaminants could be removed by ozonation only, combined UV/ozone 
tieatment was not applied in situ.
Ozonation teclmology was found to be the most favourable method for the removal of 
contaminants present at the foimer gas works site in Kaiisinlie based on its practicability, 
economic advantages and liigh efficiency.
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Abbreviations
BB Building Blocks
BLS Below Land Surface
BTEX Benzene, Toluene, Ethyl benzene. Xylene
CA Chloroethane
CDOC Chi'omatogiaphable Dissolved Organic Carbon
CF Clilorofomi
CHC Chlorinated Hydrocarbon
CM ChloromeÜiane
COD Chemical Oxygen Demand
CRB Continuous Reactive Barrier
CT Carbon Tetrachloride
cVOC chlorinated Volatile Organic Carbons
DCA Dicliloroethane
DCE Dichloroethene
DOC Dissolved Organic Carbon
FCHC Fluoroclilorohydrocarbons
F&G Funnel and Gate system
GAC Granular Activated Carbon
HCO Heterogeneous Catalytic Ozonation
HO* Hydroxyl radical
HOC Hydrophobic Organic Carbon
HS Humic Substances
LC Liquid Clrromatographie
LMW Low Molecular Weight
LP Low Pressure
LPHO Low Pressure Higli Output
MC Methylene Chloride
MP Medium Pressure
MTBE Methyl Tertiary-Butyl Ether
NDIR Non-Dispersive Infrared Analysis
NOM Natural Organic Matter
OCD Orgatric Carbon Detection
PAH Polynuclear Aromatic Hydrocarbon
PCE Per(tetr’a) Chloroethene
POC Particulate Organic Carbon
PRB Permeable Reactive Barrier
Redox Potential Oxidation Reduction Potential
SAK254 Spechal Absorption Coefficient (0.45 pm filtered)
SEC Size Exclusion Cliromatography
SSK254 Spectr al Attenuation Coefficient (unfiltered)TCA Trichloroethane
TCE Trichloroethene
THM Trihalomethanogenes
TOC Total Organic Carbon
UV Ultraviolet
UVD UV Detection
VC Vinyl Chloride
ZVI Zero Valent Iron
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1 Introduction
111 Germany, groundwater is tlie most important drinking water resource. Only a small 
proportion of the public water supply is based on surface water; in the state of Baden- 
Württemberg up to 70% originate from gi'oundwater and spring water [Büiinger 2006]. It is a 
generally accepted goal to maintain or restore, as far as possible, the natural composition of 
the long-term supply of drinking water. The tlireat of contaminated gi'oundwater to the 
environment and above all to health has emerged as an important issue in public discussion in 
recent yeai's and the need for remediation of polluted sites is undoubted.
Groundwater remediation can be defined as “the use of teclmological means to remove, fix or 
convert pollutants in the groundwater flow” [KOBUS et al. 1996]. As a result of a 
comprehensive study of the Stadtwerke Karlsruhe and the regulating authorities a funnel & 
gate system was installed at the former gas works site in Karlsmhe, the gates of which were 
filled with activated carbon in order to remove the contaminants.
Hie “Gaswerk Ost”, a gas production plant in eastern Karlsmhe, Germany, was built in 1886. 
Until 1965 during 79 years of operation, 4.3 million tons of coal were consumed to produce 
1700 million n f  of gas. Significant by-products of this coal-gasification process were 3.4 
million tons of coke, 160,000 tons of coal-tar, 21,000 tons of benzene and 12,000 tons of 
ammonium sulphate [MAIER 1989].
In 1979 there were still 6000 tons of coal-tar residue located in the basement of several 
production halls and in tai' pits. Tliese were then removed because of concerns about 
gi'oundwater pollution and of associated health risks. Between 1979 and 1988 a total of 132 
water samples were taken and analysed for phenols, aromatic substances, PAH and cyanides. 
Soil samples were investigated for cyanide and contaminated soil was excavated and disposed 
of in special waste disposal sites [MAIER et al. 1989].
In 1987, the Ministry o f Food, Agriculture, Environment and Forestjy o f  the State o f Baden- 
Württemberg published the “Altlasten-Handbuch” [MINISTERIUM FUR ERNAHRUNG 
LANDWIRTSCHAFT UMWELT UND FORSTEN BADEN WÜRTTEMBERG 1987] -  a 
remediation handbook contributing to a standardised procedure for the detection and 
evaluation of contaminated sites as well as the commitment of action priorities.
During a survey canied out according to the guidelines of the remediation handbook, the fUll 
extent of the contamination of tlie subsur'face soil and the groundwater became evident. An 
area of 90,000 n f  was polluted with concentrations of polynuclear aromatic hydrocarbons 
(PAH) in the groundwater up to 500 pg/1, benzene 20 pg/1, ammonia 2 mg/1. In addition to the 
PAH contamination from the gas works site itself, a vinyl chloride (VC) contamination was 
detected. More detailed investigations revealed a VC plume originating from up-gradient of
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the site where several metal processing companies were located. There, Per(tetra)chloroethene 
(PCE) and Trichloroethene (TCE) were used as degreasing agents contaminating tlie 
suiTOunding soil and groundwater. Sequential microbiological dechlorination resulted in 
partly degraded chlorinated hydrocarbons, such as VC, migiating towards the gas works site.
Tlie effluent groundwater from the gas works site flowing towards Karlsruhe and towards a 
drinking water treatment plant now contained both PAH and VC. The need to remediate the 
site in order to protect tlie water treatment plant which uses the groundwater became obvious.
At tliis point various methods like pump and treat (on site), excavation (subsequent off site 
treatment) were talcen into consideration. However, all pump and treat methods would have 
been very cost inefficient in relation to their operation periods, since most of the PAH are 
very persistent in the subsurface, i.e. they cannot be removed within a reasonable period of 
time. The same is true for excavation in tenns of tlie extension of the contaminated area. 
Finally, a passive purification funnel & gate system was chosen and installed at this particular 
site, consisting of a 240 rii funnel and eight gates; each of them 1.8 rn in diameter, 12 rn high 
and filled with activated carbon.
At this time the remedial activities at the site were concentrated on the main contaminant 
PAH, with the intention of later finding a complementary teclmology suitable for vinyl 
chloride degiadation. Hierefore, one gate was chosen as a pilot gate to test different tieatment 
methods to remove vhiyl chloride [SCHAD et al. 2000, SCHULZE and MUBOTTER 2001].
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111 order to protect the groundwater resources downstream of the gas works site from PAH and 
vinyl chloride, a remediation system was installed in the contanihiated area based on activated 
caiboii adsoiption. Although the removal of the main contaminant gi'oup PAH is quite 
efficient, the low vinyl chloride adsorption capacity required the development of an additional 
treatment method. The slow natural gi'oundwater flow was thought to provide ideal conditions 
for the removal of the contaminants; therefore UV radiation was considered to be a suitable 
process for the in-situ degradation of the pollutants. Tins is because of an expected high 
residence time of the polluted water in the in adiated zone, wliich was planned to precede the 
activated caibon step.
Aiother positive factor in the use of an oxidative step before the adsoiption is the prolonged 
use of the activated carbon allowing longer operating times before the replacement of the 
material. Furtheimore, the exchange of the activated carbon is expensive and contaminants 
aie not degiaded, but adsorbed, tlius causing a sliift from aqueous to solid phase.
Initially bench scale studies were proposed to be perfomied in the laboratory of the 
Stadtwerke Karlsmhe, using UV radiation as a treatment method for the removal of 
contaminants in the groundwater at the gas works site. The information gained from the 
laboratory experiments would then be used to implement the method on a larger scale, in situ 
at a chosen gate.
The aims of this research project comprise the following aspects:
• Design, constmction and chai acterisation of a laboratory in adiation set-up
• Perfonnance of UV experiments and UV based Advanced Oxidation Processes (AOP)
• Testing of the chosen method and proof of its applicability in a full scale pilot gate 
before pennanent implementation in all 8 gates of the funnel & gate system
The overall objective of the project is to remove pollutants from the contaminated groundwa­
ter source to a level wliich does not present a risk to health in drinking water. Specifically, the 
main objectives of this reseaich are to investigate the:
• Impact of different treatment methods based on UV radiation on the removal of the 
groundwater contaminants
• Impact of the different treatment metliods on the turbidity of the groundwater
• Impact of the oxygen concentration on tlie removal of contaminants dominant at the 
gas works site
2 Aims and Objectives
Degradation of vinyl chloride, benzene and PAH with and without the presence of 
competing organic substances such as humic substances, which are present at the gas 
works site at approximately 5 mg/1
Identification of by-products fonned during tlie inadiation process of the main 
contaminant acenaphthene
Testing of in-situ applications for contaminant removal fi om groundwater prior to the 
existing activated caihon treatment
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This project is dealing witli a contaminated site and its remediation, which directs the focus of 
the first part of this literature reseaich toward special remediation technologies. An 
inti'oduction to purification systems, especially passive systems and their applications will be 
given, followed by a characterisation of the specific organic contaminants PAH and 
chlorinated hydrocarbons and the health risks associated with these groundwater contami­
nants. Furthennore, the degradation of these substances by several remediation processes will 
be discussed.
Tlie next part of tliis chapter draws attention to oxidation processes using UV light, since this 
procedure was implemented at the contaminated site. Vaiious types of UV lamps will be 
inti'oduced and examples of their practical application will be given. Some basic considera­
tions regarding oxidation teclmologies such as ozonation and the use of peroxides as well as 
their combination with UV processes (AOP) will be presented. Worth mentioning is the 
measurement of UV light by means of physical and chemical methods such as UV-sensors 
and chemical actinometiy.
3.1 Groundwater Contaminants
3.1.1 Vinyl Chloride (VC)
3.1.1.1 Properties and Environmental Occurrence
VC (lUPAC term: chloroethene) is a colourless, flammable gas with a sweetish smell. It is 
heavier than air and soluble in almost all organic solvents as well as in water, hi addition, it is 
highly volatile and thus moves easily from water to the gaseous phase. The paitition 
coefficient relating air and aqueous concentiations is commonly refeiTcd to as Henry’s Law 
constant (data see table below). Due to the higli vapour pressure and the log Kow (Oc- 
tanol/Water Partition Coefficient) of 1.58 and 1.36 respectively, an accumulation in the 
aquatic food chain seems highly improbable.
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Table 3-1 Selected data and chemical structure of vinyl chloride 
(according to BUA^ 1989 and Linde 2002)
Formula U2H3CI \ _____ / 'Molecular weight 62.5 g/molSolubility in H2O 3424 mg/1
Vapour pressure at 20 ®C 3.4 x 10^  Pa
vinyl chloride
Henry’s Law constant 
[COSSET 1987]
1.489 X 10^  Pa m^  mol ' (10.3 °C) 
1.956 X 10’ Pa m’ mor' (17.5 °C) 
2.817 X 10’ Pa m’ mol ' (24.8 °C)
Log Kow (calculated) 1.58/1.36
VC, a frequent groundwater contaminant, is a concern to human health and the environment 
due to its human toxic and carcinogenic effects [LINDE 2002]. VC showed mutagenic effects 
on laboratory animals and in various short-term assays in vitro. With humans, chronic 
malignant tumours of the liver have been observed following a chronic exposure to high 
concentrations of VC. Furthermore it depresses the central nervous system, although the acute 
toxicity is low. Following a 2-hour inhalation exposure, the LC50 values were 294 mg/1 for 
mice, 390 mg/1 for rats and 595 mg/1 for guinea pigs. Liquid VC causes hypothermia of the 
skin. Furthermore VC can cause temporary injury to the eye [BUA 1989]. VC is used almost 
exclusively in the production of PVC and composite polymers [FREY and FREEMAN 1984]. 
Until the mid-seventies, VC had also been used as an aerosol in spray cans. For example in 
the US, cosmetic sprays also contained chlorofluorocarbon (CFC) along with up to 50% VC 
[BAUER 1981].
As early as 1987, Branch et al. described numerous cases of groundwater contamination by 
volatile halogenated hydrocarbons. In the majority of cases, the groundwater was contami­
nated with tetrachlorethene, trichlorethene, 1 ,1 ,1  -trichlorethane and dichloromethane which 
were often used in large quantities as solvents. In some highly contaminated groundwaters, 
significant concentrations of cis-dichloroethene and vinyl chloride (VC) were found although 
these substances were demonstrably not dumped. Laboratory experiments showed that VC is 
often produced by microorganisms as a result of incomplete reductive dechlorination of 
tetrachloroethene and trichloroethene after a longer time of adaptation [BRAUCH et al. 
1987]. The fact that intermediate products of biodégradation (e.g. vinyl chloride) can be more 
toxic than the original contaminant is important for this process.
In surface waters, VC can be traced in individual cases only. For the river Rhine, maximum 
concentrations of 1 pg/1 were reported before 1978; in tributaries of the Rhine, maximum
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concentrations of 5 pg/l were detected. Natural sources of VC aie not known. In the case of 
the “Gaswerk Ost”, the gi'oundwater contamination is a degradation product from several 
emitters using the solvents tetrachloroethene and trichloroethene for manufacturing processes.
3.1.1.2 Pathways of Degradation of Chlorinated Hydrocarbons
Biological Degradation
In general, highly chlorinated aliphatic hydrocarbons degrade primarily tlirough reductive 
reactions, while less chlorinated compounds degrade primarily through oxidation, as 
illustrated by the example of die fourfold clilorinated hydrocaihon tetrachloroethene (Figure 
3-1) wliich is persistent under aerobic conditions [KOBUS et ah 1996]. Less chlorinated 
compounds such as vinyl chloride can be oxidised by microorganisms under aerobic or 
reduced conditions, yielding CO2 and Cl' [SEWELL and GIBSON 1997, WIEDEMEIER et 
ah 1997]. However, anaerobic degradation in the form of reductive dehalogenation by means 
of specialised adapted bacteria can occui'. Wliile aerobic oxidation and anaerobic reductive 
dechlorination can occur natuially under appropriate conditions, enhancements such as the 
addition of election donors, election acceptors, or nutiients help to provide the optimal 
conditions for aerobic oxidation or anaerobic reductive dechlorination to occur.
Anaerobic degradation: Results of many field studies and laboratory experiments in the last 
years showed that chlorinated ethylenes can be sequentially dechlorinated under anaerobic 
conditions, yielding ethene and ethane respectively, which is enviromnentally acceptable 
[FREEDMAN and GOSSET 1989, GOSSET and ZINDER 1997, TEBHM et ah 2002].
2[H]
Cl Cl
pel chloroethene HCl
Cl H
trichloroethene
21H1
H  C C
n /  ^
ethane
H H
H H
ethene
2[H]
2[H]
^  H H
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2[H]
HCl
H
H H
HCl vinyl chloride
Figure 3-1 Microbial reductive dechlorination of tetrachloroethene and trichloroethene
to ethene under methanogenic conditions
(according to Freedman and Gosset, 1989)
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This process requires an electron donor (as shown in Figure 3-1 as 2 [H] per step), with the 
chlorinated hydrocarbon serving as electron acceptor, not as a source of carbon. However, 
microbes capable of reducing VC to ethane are often absent or inactive in subsurface 
ecosystems and thus, VC commonly accumulates as an end product of anaerobic dechlorina­
tion. Freedman and Gosset (1989) demonstrated that under methanogenic conditions PCE and 
TCE can be furtlier dechlorinated to ethylene, which is, unlike VC, an enviromnentally 
acceptable product.
hi 1996 it was discovered that oxidation of VC can occur under anaerobic conditions if a 
sufficiently strong oxidant is available to drive microbial degradation. Fe(IH)-oxides are 
strong oxidants that aie ubiquitous in groundwater systems, hi an experiment conducted with 
sediment horn a Fe(III)-reducing aquifer, addition of Fe(III)-salts to anaerobic microcosms 
resulted in VC mineralisation rates comparable to those obseiwed under aerobic conditions 
[BRADLEY and CHAPELE 1996], Thus, microbial oxidation of VC under Fe(III)-reducing 
conditions provides a potential anaerobic alternative to the slow and inefficient reductive 
declilorination of VC to ethane.
10 - Cumulative PCE Consumed
VC
ETH
II
IsoGO 100 200 3 0 0
TIME
Figure 3-2 Reductive declilorination of PCE in a first-
generation culture, obtained fi-om a laboratory 
anaerobic digester
(Freedman and Gosset, 1989)
Aerobic degradation: General findings about the microbial degradation of chlorinated 
hydrocarbons in groundwater were reported in 1987, as mentioned above. Hartmans et al 
isolated the bacteria sti'aiii Mycobacterium LI firom soil that had been contaminated with 
water containing VC over a period of several years. These bacteria were able to use ethene as 
well as VC under aerobic conditions as tlieir sole source of carbon and energy, hi continuous
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cultmes, the organisms mineralized 0.68 g/1 of VC in 24 hours [HARTMANS et al. 1985]. 
Fogel et al. also state that an enriched, not specifically adapted mixed culture of methane- 
oxidizing bacteria completely degraded VC in a concentiation of 540 pg/1 in 23 hours under 
aerobic conditions [FOGEL et al. 1986]. Results fiom Coleman et al. indicate that aerobic 
VC-degrading microorganisms (predominantly stiains) are widely distiibuted
at sites contaminated with chlorinated solvents and are likely to be responsible for the natural 
attenuation of VC [COLEMAN et al. 2002]. Tliey detected aerobic VC biodégradation in 23 
of 37 microcosms and emiclnnents inoculated with samples fiom various sites. Twelve 
different bacteria (11 Mycobacterium stiains and 1 Nocardioides stiain) capable of growth on 
VC as the sole carbon source were isolated. A report firom the EPA provides a summary of 
information available for each degradation mechanism [EPA 2000].
Abiotic degradation
Abiotic degradation mechanisms involve chemical reactions to treat chlorinated aliphatic 
hydrocai'bons without biological processes. Hiese mechanisms include hydrolysis and abiotic 
reductive dechlorination. In general, the rates of abiotic degradation may be slow relative to 
biological mechanisms. However, the abiotic mechanisms may play a significant role in the 
overall remediation of a site at which chlorinated aliphatic hydrocarbon contamination is 
present, depending on the specific site conditions.
In technical applications, zero-valent iron (Fe^) is used as filling material in peiineable 
reactive barriers for the treatment of chlorinated hydrocarbons. The degradation mechanism is 
based on the electron transfer from the Fe^ surface (oxidation) to the chlorinated hydrocarbon 
which is reduced and dehalogenated respectively as shown below [DAHMKE 1997]:
2Fe° => 2Fe '^" + 4 e
+3 H2O «  3 IT  + 3 OH
2 H" + 2 e r» Hz
X-Cl + + 2 e => X-H + Cl'
2 Fe“ + 3 H2O + X-Cl =5- 2 Fe^ + + 3 OH + Hz + X-H + Cl Eqn. 3-1
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Table 3-2 Selected Infomiation on Chlorinated Aliphatic Hydrocarbon 
Degi'adation Mechanisms [EPA 2000]
Degradation
Mechanism
Chlorin­
ated
aliphatic
Hydrocar­
bon
Conditions Reported
Bacteria
Reported Rate Data Prod­
uct
Source
A e r o b ic  O x id a t io n
Aerobic
oxidation
(direct)
DOE, VC Aerobic Not reported Obseived 2nd-order 
Michaelis-Menton 
kinetics (V^ax = 5.1 and 
12.4 pmol/l/D for DCE 
and VC, respectively)
CO2 Bradley and 
Chapelle 1998
DCE, VC, 
DCA, CA, 
MC,CM
Aerobic Not reported Not reported CO2 RTDF 1997
Aerobic
oxidation
(cometabolic)
TCE Aerobic, electron 
donor (phenol, 
toluene, benzene)
Burkholderia 
cepacia G4, 
PR1301
Not reported CO2 Munakata-Man- 
1997; McCaify 
and others 1998
TCE Aerobic, electron 
donor (toluene)
Not reported l®‘order, 
0.26-0.4 mol/d
Not
re­
ported
Peti'ovskis and 
others 1995
TCE, DCE, 
VC, TCA, 
CF, MC
Aerobic, electron 
donor (methane, 
aromatics, ammonia)
Not reported Not reported CO2 RTDF 1997
A n a e r o b ic  R e d u c t iv e  D e c h l o r in a t io n
Anaerobic
reductive
dechlorination
(delialorespi-
ration)
PCE, TCE, 
DCE,
VC, DCA
Anaerobic, electi on 
donor (liydrogen or 
fennentive hydiogen 
source), relatively 
low Hydrogen partial 
pressure
PER-K23,
Dehalospirilliuni
multivorans,
Dehalobacter
restrictus,
Dehalococciis
etheno^enes
Zero-ordei'
dechlorination kinetics 
for PCE, TCE, cis-DCE 
and first-order for trans- 
DCE and VC; total 
degradation o f -4 .6  
pmol PCE/mg VSS/day
Ethene,
ethane
Hollinger 1993; 
Smatlak 1996; 
Tandol 1994; 
Yager 1997
TCE Anaerobic, electron 
donor (lactate, 
methanol butyiate, 
glutamate 1,2- 
propanediol, toluene)
Alcaligenes; (e.g. 
hydrogenopheya 
present in culture 
derived from soil)
Michaelis-Menton
kinetics
Ethene Harkness and 
others 1999
PCE, TCE, 
c-DCE, VC
Anaerobic, electron 
donor (Hydrogen, 
propionate or lactate)
Not reported Michaelis-Menton
kinetics
Not
re­
ported
Ballapragada and 
others 1997
PCE Anaerobic, electron 
donor (methanol)
Not reported 1.24 mg PCE mg 
/volatile suspended 
solids (VSS)/d
Not
re­
ported
DeStefano 1992
TCE Not reported Not reported 1st order 0.2-4.8 year * Not
re­
ported
Wilson and 
others, 1996
DCE Not reported Not reported 1st order 0.5-9.4 year'* Not
re­
ported
Wilson and 
others 1996
VC Anaerobic, iron- 
reducing conditions 
in aquifer
Not reported Michaelis-Menton
kinetics
Not
re­
ported
Bradley and 
Chapelle 1996
VC Anaerobic, 
methanogenic 
conditions in aquifer
Not reported Michaelis-Menton
kinetics
Not
re­
ported
Bradley and 
Chapelle 1997
Anaerobic
reductive
dechlorination
(cometabolic)
PCE, TCE, 
DCE, VC, 
DCA
Anaerobic, electron 
acceptor (nitrate, 
sulfate), election 
donor (liydrogen)
Methanosarcina
barkeri,
Desulfomonile
tiedjei
0.84 and 2.34 nmol 
PCE/mg protein/day 
converted to TCE
Ethene,
ethane
Fatliepure 1987
PCE, TCE, 
CT
Anaerobic, election 
acceptor (nitrate, 
sulfate), electron 
donor (liydrogen)
Methanogens, 
denitnjiers, 
sulfate reducers
Not reported Ethene,
meth­
ane
Workman 1997; 
Yager 1997
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Hydrolytic Degradation
Hydrolysis reactions aie generally independent of redox conditions, while abiotic reductive 
dechlorination is highly dependent on redox conditions. Hydrolysis is a substitution reaction 
in wliich a chlorinated aliphatic hydrocarbon may react with water to substitute a chlorine 
atom with a hydroxyl gioup, producing organic alcohols, acids, or diols, such as the formation 
of acetic acid from 1,1,1-TCA. Generally, chlorinated aliphatic hydrocarbons which show a 
minor degiee of chlorination are more susceptible to degradation by hydrolysis. Hydrolysis 
rates have been reported which have half-lives ranging from days for monochlorinated 
alkanes to thousands of year s for tetiachloromethane [EPA 2000].
Exammations of the chemical stability of VC in acidic and alkaline aqueous solutions show 
that a half life of several years is to be expected for hydrolytic degradation under enviromnen­
tally appropriate circurnstarrces. hr water, no degradation takes place. Loss of VC from the 
aquatic environment by volatilisation appeared to be the most significant process in its 
distribution [HILL et al. 1976].
Photochemical Degradation and Advanced Oxidation (AOP)
Solar radiation reaching die troposphere lacks wavelengths below 290 mn due to the 
str atospheric ozone shield. On the other hand VC in the vapour phase or in water does not 
absorb wavelengths above 2 2 0  mn or 218 mn, respectively.
As a result, direct photolysis of VC is expected to be insignificant under environmental 
conditions because there is no overlap between the absorption spectrnm of VC and the 
sunlight radiation spectnrm [HILL et al. 1976]. Consistently, no photodegradation is observed 
with pure VC in the gas phase or in water at wavelengths above 220 mn.
In the environment, indirect photolysis occurs and includes reactions of VC with reactive 
particles such as fr ee OH radicals and NO3 radicals, Cl atoms, ozone and singlet oxygen. Tire 
reaction with OH radicals is the dominant transfoimation process, showing calculated 
tropospheric half-lives of about 1-2 days. Factors indirectly influencing the lifetime of VC 
(via OH radical concentration) are the degree of air pollution and solar radiation.
Kanno examined the photochemical degradation of VC in the presence of nitrogen oxide in 
air by means of laboratory batch experiments and reported the degradation of vinyl cliloride 
when exposed to the rays of a xenon lamp, forming formaldehyde and hydrogen chloride, 
initiated tln ough hydroxyl radicals [KAJNNO et al. 1977].
In the same year Perry et al. published absolute rate constants over the temperatur e range 
299-426 °K for the reaction of OH radicals with vinyl chloride (e.g. 6 . 6  x 10^  ^crn  ^molecule"^ 
s'^  at 299.2 °K) producing the OH radicals by pulsed vacuum ultraviolet photolysis of water, 
hr Figure 3-3 the OH radical decay rate is plotted against the concentration of vinyl chloride 
[VERRYetal. 1977].
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Figure 3-3 Plots of the OH radical decay rate against VC
concentration 
[FERRY et aL 1977]
Mabey et a l reported oxidation rate constants of < 10  ^mof^ h‘  ^and stated that photolysis of 
VC was not an environmentally relevant process [MABEY et al. 1982]. Therefore, photo 
oxidation seems to be an unsuitable method of removing VC from waste waters. On the other 
hand, treatment of water contaminated with VC and otlier halogenated organic compounds by 
means of UV-enhanced oxidation (UV/ozone or UV/hydrogen peroxide) involving OH 
radicals was reported to be veiy successful [ZEFF and BAJRJCH 1992].
Further studies of the photodegi'adation of VC aie summaiized in Table 3-3, partially taken 
from [WHO 1999] including direct and indirect photolysis. A vaiiety of photolytic products 
was foiined after irradiation of VC under several experimental conditions. Some intermedi­
ates, e.g., chloroacetaldehyde, were of considerable photochemical stability.
Dowideit and von Sonntag investigated the reaction of ozone with VC, showing that the 
degradation follows the Criegee mechanism (see chapter 3.3.4) and cleaves into a carbonyl 
compound and a hydroxyhydroperoxide (Figure 3-4). Hereby the unsymmetrically substituted 
vinyl chloride may yield two different carbonyl compounds and two different hydroperoxides. 
Practically only hydroxymethylhydi'operoxide (23) is farmed and the competing reaction (24) 
that would yield formic peracid amounts to only about 2%. The rate constant for the reaction 
of ozone with VC was detennined to be 1.4 x 10"^  dm  ^moF^ s"^  [DOWIDEIT and SONNTAG
1998].
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Figure 3-4 Reaction of ozone witli vinyl chloride 
[DOWIDEIT and SONNTAG 1998]
In aqueous solution the hydroxymethylperoxide was shown to be in equilibrium with 
formaldehyde and hydrogen peroxide:
HOCH2OOH ^  CH2O + H2O2 Eqn. 3-2
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Table 3-3 Survey of vinyl chloride photolysis studies [WHO 1999]
M edium
hæissm
Irrad iation  (Duration) Photolytic
degradation
Photolytic products
VC in a high-vacuum 
system medium pressure arc yes primary products: radicals (C2H3, Cl); 
C2H2, HCl
VC in air
sunlight (outdoors) yes (half-life = 1 1  
weeks ± 50%)
not specified
xenon arc (> 290 nm) yes CO (90%); HCl
VC in air
high pressure mercury 
lamp
outdoors
yes (> 99% within 15 
min)
yes (55% within 2 
days)
Chloroacetaldehyde, 
HCl, CO2
VC in air (dry) > 230 nm (4 h) yes chloroacetaldehyde (primary product), HCl, 
CO, formyl chloride
VC in air < 400 nm (45 min) sunshine (3-45 h)
yes 
very slow
CO2, CO, H2O, HCl, 
HCOOH, C2H2
VC in an oxygen 
atmosphere (direct 
photolysis)
185 nm (up to 50 min) yes (quantum yield: 2 -
3)
formyl chloride, 
monochloro- 
acetaldehyde, 
acetylene, CO, CO2, 
monochloroacetyl 
chloride, HCl*, 
formic acid
254 nm (up to 6  h) : ^
VC in air xenon lamp yes (initial k: 0.09 
second')
not specified
VC in air plus nitrogen 
oxides
UV (> 290 nm) 
(up to 2 2  h)
yes
(half-life = 1-7 h, +NO 
half-life = 18 h,-NO)
formic acid, HCl, CO 
formaldehyde, ozone, 
(other minor products)
VC in air plus nitrogen 
oxides
xenon lamp 
(0 - 1 2 0  min)
yes formaldehyde, HCl
VC in pure water (10 
mg/litre)
> 300 nm (90 h) no not specified
VC in natural water 
samples ( 1 0  mg/litre)
> 300 nm (20 h) no not specified
VC in water plus > 300 nm 
photosensitizers 
* in the presence of water vapour
yes (rapid) various products
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3.1.2 Polynuciear Aromatic Hydrocarbons (PAH)
3.1.2.1 Properties of PAH
hi 1825, Faraday first isolated benzene fiom the oily residue derived fiom the production of 
“illuminating” gas and observed a very low level of reactivity, even though benzene is a 
highly unsaturated molecule. Forty years later the German chemist Friedrich August Kelmlé 
published a paper suggesting that the structure contained a six-membered ring of carbon 
atoms with alternating single and double bonds.
PAH aie neutral, non-polar aiomatic molecules consisting of two or more benzene rings fused 
in various configurations, their hydrophobic character increasing with moleculai* weight. 
Hence their solubility in water decreases as the number of aromatic rings increases. 
Delocalised TC-electrons stabilise the ring system and thus result in the low energy content of 
the molecule. Delocalised Tt-electrons also contribute to the high tendency for UV-light 
absorption. As the size of a PAH molecule increases, so does the resonance energy of the 
molecule and thus the chemical stability [CHRISTEN 1970]. Summarising, it can be stated 
that the resonance stabilisation and the low water solubility are the two primary characteristics 
contiibuting to the environmental persistence of PAH. Because of their low solubility and 
high affinity for organic carbon, PAH in aquatic systems aie strongly adsorbed onto 
particulate matter, hr general, PAH have a high boiling and melting point.
The octanol-water partition coefficient describes the equilibrium distribution of an organic 
contaminant dissolved in water between the aqueous phase and an octanol phase. The high 
octanol-water paifition coefficients of PAH which range fiom 3 to 8  result in the accumula­
tion of these compounds in fatty tissues witli subsequent biomagnification in the food chain 
[GERSTh et al. 1989].
Many members of the class of PAH were identified to show mutagenic, teratogenic and 
carcinogenic activity. Weissenfels reports the considerable carcinogenity of benzo[a]pyrene in 
laboratory experiments. The initiation of tumours by the application of benzo[a]pyrene, 
clirysene and phenantluene was published by Cook and Scribner. The publications of Dipple, 
Freudenthal and Jones, Herlan, and Purchase et al. give an overview regarding carcinogenic 
effects of PAH [COOK et al. 1933, DIPPLE 1985, FREUDENTHAL and JONES 1976, 
HERLAN 1977, PURCHASE et al. 1978, SCRIBNER 1973, WEISSENFELS et al. 1990].
Approximately twenty individual PAH aie ubiquitous in soil, water and air, representing 
about 70% of the entire class of PAH. Of these, sixteen individual compounds of main 
concern (see Table 3-4) were proposed for investigation in drinldng water according to the 
US-Enviromnental Protection Agency [MATER 1998].
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Table 3-4 Physico-chemical properties of the 16 EPA-PAH [SIMS and OVERCASH
1983] cited by Mazer 1998
PAH Chemical structui-e M asyer mol SotabiUty m Wrter at 25 »C[g/niol] [mg/1] *
Naphthalene CO
Acenaphthylene 
Acenaphthene 
Fluorene 
Phenantlnene 
Antliracene
Fluoranthene*
Pyrene
Benz(a)anthracene 
Clnysene
Benzo(b)fluoranthene*
Benzo(k)fluoranthene*
Benzo(a)pyrene*
Dibenz(ah)antln*acene
hideno(l,2,3-cd) 
pyi'ene*
Benzo(ghi)perylene*
128 30.0 3.37
152 3.93 4.07
154 3.47 4.33
166 1.98 4.18
178 1.29 4.46
178 0.07 4.45
2 0 2 0.26 5.33
2 0 2 0.14 5.32
228 0.014 5.61
228 0 . 0 0 2 5.61
252 0 . 0 0 1 2 6.57
252 0.0006 6.48
228 0.0038 6.04
228 0.0005 5.97
276 0.062 7.66
276 0.0003 7.23
* considered in the EC-Guidelines for Drinking Water Quality
Busby showed tliat fluoranthene causes tumours in newborn mice [BUSBY et al, 1984]. The 
fact that PAH readily pass through epithelia wliich aie in contact with the external 
environment and that they are generally highly lipid-soluble, facilitates their passage through 
the predominantly lipid-like cell membranes of organisms [SANTODONATO, 1981]. He also 
stated that PAH can be enzymatically activated by oxidative mechanisms to form reactive 
metabolites which are capable of interaction with cellular constituents such as DNA, RNA 
and proteins, causing mutagenic effects, hi Table 3-5 values for the acute toxicity, the 
carcinogenicity and mutagenicity of selected PAH are summarised.
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Table 3-5 Toxicity of selected PAH [WEISSENFELS et al. 1990] cited by Maier 1998
PAH acute toxicity cluonic toxicity
LD50 oral 
(per kg body weight)
Carcinogenicity 
(per kg body weight)
Mutagenicity
(Anies-test)
Naphthalene 310 mg - -
Acenaphthene nd"> _/?3) +
Fluorene nd^) - -
Phenantlirene 700 mg -/? -
Antliracene nd ') 3.3 g -
Fluoranthene 500 mg +/? +
Pyrene 510 mg -/? +/?
Benz[a]antluacene nd^^ 2  mg +
Chrysene 320 mg 99 mg +
Benzo[a]pyi*ene 250 mg 2 g +
Indeno[l ,2,3-c,d]pyrene nd^^ + +
Dibenz[a,h] antliracene lid 6 g +
Lethal dosage for 50% o f the mice resp. rats tested not detennined inconsistent results
3.1.2.2 Occurrence of PAH in the Environment
Polynuciear aromatic hydrocarbons (PAH) result fiom high temperature pyrolysis of organic 
materials. Uiey are produced in large quantities from the incomplete combustion of fossil 
fuels, i.e. traffic and petroleum refining and can also be found in coal tars and oil shale. PAH 
are present in waste streams from these processes and can accumulate in food chains tlirough 
various environmental pathways. Although there is evidence that the enviromnental sources 
of PAH include natural inputs such as forest fh*es and volcanoes, most of the PAH 
contamination of aquifers, soils, sediments and water bodies comes fiom anthiopogenic 
sources [FUN 2002].
During the distillation of coal, coal tar is produced; its chemical composition and properties 
depending mainly on the temperature of the distillation process. Citmg lARC (1985), Maier 
reported the identification of over 500 compounds in coal tar including PAH [MAIER 1998].
Coal tai' is a viscous, black matter with the typical odour of its volatile chemical compounds. 
The viscosity depends on the chemical composition and can vary fiom liquid (pumpable) via 
pasty to solid. Notably relevant components are: Polynuciear aromatic hydrocarbons, such as
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naphthalene, phenantlirene, antlnacene, fluorantliene, benzo(b)fluoranthene, benzo(k)- 
fluoranthene, benzo(a)pyi*ene, indeno(l,2,3-cd)pyrene, benzo(ghi)perylene, furthennore 
phenols, heterocyclic aromatic hydrocarbons, volatile aromatic hydrocaibons, benzene, 
toluene and xylene.
The behaviour of gas works specific contaminants in groundwater, soil and air varies, 
depending on the composition and viscosity of the tai\ A tlnn fluid tar, depending on the 
penneability of the soil, can disperse to a considerable depth as a result of gravity. Coming 
upon an impemieable barrier, it will spread horizontally. Wlien such tar intrudes into 
groundwater, three different zones may occur:
• A floating layer, consisting of light but insoluble tai* components such as oil and 
benzene
• A contaminated groundwater area resulting fiom aquifer flows
• A zone with specifically heavier tar components as tar oils, on the base of the aquifer
Viscous tai* hi contrast is retained by soil in the subsurface and will not drain away that much. 
The release of contaminants is much less, especially when protected fiom rainfall. 
Nonetheless it is a reservoir for contaminants fiom which groundwater may be affected 
strongly. Such contamination spots have to be included in tlie site investigation. A hazard may 
particularly occur during varying groundwater levels or when the upper layer of soil is 
removed. The more volatile tar components as benzene, toluene, xylene and naphthalene can 
be detected undemeatli dense soil layers even after decades.
3.1.2.3 Degradation/Removal of PAH
The most important processes contributing to the degradation of PAH in surface water are 
photooxidation, chemical oxidation, and biodégradation by aquatic microorganisms. 
Hydrolysis is not considered to be an important degradation process for PAH [NEFF 1979].
Microbial Degradation
Many authors reported that under oxygenated conditions autochthonous microorganisms can 
adapt to the strongly hazardous environmental conditions of contaminated sites (e.g. gas 
works) to significantly degrade benzene and higlier aromatic compounds [CERNIGLIA 1984, 
HEITKAMP et a l  1988, HEITKAMP et a l 1988, HEITICAMP and CERNIGLIA 1988, 
STIEBER 1995]; and the application of microbial degiadation to the remediation of PAH 
contaminated soils has significantly increased in importance during the last 15 years. 
Compounds with 2 or 3 fused rings, such as naphthalene, fluorene, anthracene, and 
phenantluene are most rapidly degraded.
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Hiis could also be shown in a research project on the microbiological in-situ remediation at 
the former gas works site in Karlsi*uhe. Tlie proportion of the low condensed polycyclic 
compounds up to phenantlirene/anthracene could be reduced significantly and these 
substances were detectable only in traces after biological tieatment. For these investigations 
the groundwater level was lowered to 10.5 m below top ground suiface and a system of 
aeration lances was installed. Simultaneously perfomied laboratory tests over a period of time 
of nearly two years showed a 98% decrease in the concentrations of EPA-PAH [Würdemaim 
etal. 1993].
More higlily condensed compounds with more aromatic rings, such as clnysene and pyrene, 
are more slowly degraded, and pentacyclic PAH like benzo(a)pyi'ene are liighly persistent 
[KOBUS et a l  1996]. A large number of microorganisms have been isolated that use PAH as 
a carbon and energy source under aerobic conditions (e.g. Micrococcus, Pseudomonas, 
Mycobacterium and Nocardid), and the associated degradation pathways have been elucidated 
[CERNIGLIA 1992].
However, under anoxic conditions, degradation will be extremely slow [NEFF 1979]. 
Cerniglia suggested that biodégradation of PAH requires the presence of molecular oxygen to 
initiate the enzymatic attack on the PAH molecules [CERNIGLIA 1992]. This would have 
wide implications for PAH contamination of anaerobic aquifers since contamination would 
practically last forever. Fortunately, there is increasing evidence of anaerobic PAH 
degradation with nitrate and sulfate as terminal electron acceptors [MECKENSTOCK et al.
2004]. It has recently been demonstrated with pure cultures that anaerobic giowth on 
naphthalene (as tlie sole souice of carbon and energy) is possible when coupled to dissimila- 
tive nitrate reduction [ROCKNE et al. 2000]. In addition. Pseudomonas sp. isolated ftom both 
contaminated and uncontaminated soils were shown to degrade phenanthiene, anthracene and 
pyiene under denitrifying conditions [MCNALLY et al. 1998]. PAH degradation has also 
been demonstrated with sulfate as the terminal electron acceptor. Examination of the 
anaerobic biodégradation potential of marine harboui" sediments revealed that methylnaphtha- 
lene, fluorene and fluoranthene were also anaerobically oxidised to carbon dioxide under 
sulphate-reducing conditions, while pyiene and benzo[a]pyiene were not [COATES et al. 
1997].
hi order to overcome the recalcitrance to aerobic biodegiadation of some PAH, tlie feasibility 
of a pre-treatment step (soil washmg, ozonation, hydrogen peroxide dosage) was investigated 
[HAAPEA and TUHKANEN 2006, KULIK et al. 2006]. It was shown that soil washing and 
ozonation improved the bioavailability and biodegradability of the contaminants rendering 
PAH more soluble and thus biologically accessible [HAAPEA and TUHKANEN 2006]. The 
removal of PAH by biodégradation in chemically pre-tieated soil samples proved to be 
dependent on the pre-oxidation teclmology. Here, the application of hydrogen peroxide with 
supplementaiy feiTous ions showed a higher PAH removal compared with oxidation by
3 Literature and Fundamentals 20
hydrogen peroxide only, and the combined chemical and biological tieatment was more 
efficient in PAH removal tlian either one alone. Biodegiadation with pre-ozonation was found 
to be the most effective teclmology for PAH elimination in peat. The best removal of PAH in 
contaminated sand was achieved by Fenton-like processes with subsequent bioremediation 
[IQJUKetal. 2006].
Photo degradation o f PAH
Mill et a l (1981) investigated the degradation of, among others, benzo[a]pyrene and 
benzo[a]antln'acene in water (dissolved in acetonitrile) applying solar radiation and achieved 
promising results. For benzo[a]pyiene and benzo[a]antln*acene, purging with nitiogen strongly 
inliibited photolysis [MILL et al. 1981]. The degiadation of fluorene was studied by Sabate et 
al irradiating aqueous ethanolic solutions of PAH with a medium pressure mercury lamp in a 
laboratory photoreactor. Their experiments show that PAH are quicldy degraded by photo 
oxidation and that fluorene undergoes direct photolysis [SABATE et al. 2001].
The decomposition of benzo[a]pyiene, chiysene and fluorene by means of photolysis in 
aqueous solution (batch mode) was studied extensively by Miller and Olejnik using two types 
of UV sources: a medium pressure and a low pressure mercury UV lamp [MILLER and 
OLEJNIK 2001]. For clnysene and fluorene the low pressure lamp was more efficient; in the 
case of benzo[a]pyrene a higher rate of destmction was achieved by a medium-pressure lamp. 
The degradation of benzo[a]pyiene was most effective followed by clnysene; the slowest 
decomposition was observed for fluorene (low-pressure lamp). Tlie reaction rate increased as 
the initial concentration increased as well, which means that the higher concentration caused a 
higher light absorption and consequently an increase of the reaction rate. The same 
observations were made by Beltràn et a l for phenantlnene, acenaphthene and fluorene 
photolysis [BELTRANetal. 1995].
Miller and Olejnik found that benzo[a]pyi*ene and clirysene decay rates were independent of 
oxygen purging intensity during iiTadiation and obseiwed the same rates when the reaction 
solution was in contact with air. Consequently, additional mixing induced by gas bubbling 
does not influence the reaction rate. Purging of the reaction solution with helium resulted in 
no distinguishable change of the reaction rate in the initial irradiation period, but later a 
significant retarding effect was observed, due to the exhaustion of the remaining oxygen. For 
fluorene an inhibiting effect of oxygen on the reaction rate was observed; as the oxygen 
concentration decreased, the reaction rate increased (Figure 3-5). Miller and Olejnik stated 
that oxygen efficiently quenches the excited state of fluorene and suggested that the 
degradation mechanism of fluorene follows different pathways than for benzo[a]pyiene and 
clirysene.
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Figure 3-5 Evolution of relative benzo[a]pyrene and fluorene concentrations vs. time 
for various oxygen dosages during irradiation. pH 6 .8 , 20°C 
{Miller and Olejnik^ 2001)
In investigations using the radical scavenger ^-butanol, Miller and Olejnik obsei*ved no 
iiiliibition effect in the case of fluorene, whereas an increase of the ^-butanol concentiation 
caused a decrease in the reaction rate of clirysene (see Figure 3-6) and benzo[a]pyi-ene. They 
then hypothesised that PAH with up to tliree condensed rhigs (naphthalene, fluorene, 
antln*acene, acenaphthene and phenantlnene) decompose according to a mechanism involving 
a radical cation, and PAH with four rings (benzo[a]antln*aceiie, benzo[a]pyrene and clirysene) 
decompose in radical reactions with the participation of oxygen in the initial period. Tliey 
suggest a possible photo degradation pathway (see Figure 3-7) for a PAH molecule in 
aqueous solution in the presence of dissolved oxygen, and point out tliree main initial routes; 
two of which occur witli the direct paiticipation of oxygen, via singlet oxygen ( 0^ 2 ) and via a 
hydroxyl radical fonned in several reactions from superoxide anion (blue circles). The 
remainhig route through the radical cation is marked in orange in Figure 3-7 [MILLER and 
OLEJMK2001].
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Figure 3-6 Influence of radical scavenger concentration f-butanol on 
reduction of chrysene concentration during irradiation 
{Miller and Olejnik^ 2001 )
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Figure 3-7 Scheme of PAH photodegradation pathways in the O2/H2O
system
{Miller and Olejnik, 2001)
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Similar results were reported by Beltràn et al. He studied the effect of radical quenchers by 
using bicarbonate as scavenger and found hydroxyl radical reactions as the main pathway for 
fluorene [BELTRÀN et al. 1995], whereas phenantlirene and acenaphthene were oxidised due 
to direct photolysis. He observed no influence of oxygen presence, bicaibonate, and pH on the 
rate of direct photolysis at 254 mn.
Degradation o f PAH applying Ozone and Advanced Oxidation Processes (AOP)
Further studies investigate the degradation of PAH implicating ozone and various advanced 
oxidation processes such as UV/Ozone, UV/H2O2 and Ozone/H2 0 2  [AN and CARRYWAY 
2002, BELTRAN et al. 1995, BELTRAN et al. 1995, BELTRAN et al. 1996, BELTRAN et 
al. 1996, LEDAKOWICZ et al. 1999, MILLER and OLEJNIK 2004, RIVAS et al. 2000, 
TUHKANEN and BELTRAN 1995]. Beltràn (1995a) reported that the application of ozone 
(0.9-17 mg min"^) led to high oxidation rates of fluorene, phenanthiene, and acenaphthene. 
The ozonation of fluorene occuned tlnougli hydroxyl radical and direct ozonation, while 
radical reactions seemed to be negligible duiing the ozonation of phenantlirene and 
acenaphthene. Fluorene showed a very slow reaction rate, followed by phenanthiene, and a 
fast reaction took place during the ozonation of acenaphthene [BELTRAN et al. 1995]. Miller 
and Olejnik (2004) studied the ozonation of aqueous solutions of benzo[a]pyrene (5 
condensed rings), clnysene (4 rings) and fluorene (3 rings). For all investigated PAH, they 
found the highest rate of degradation at low pH, where direct ozonation as the main 
degradation pathway took place. Hie contribution of direct ozonolysis of the clnysene and 
fluorene decomposition at pH 4 to 9 reached 75% and 50%, respectively. The haction of 
beiizo[a]pyrene reaction with ozone decreased as the pH increased, so that in alkaline 
conditions radical reactions were dominating. In direct ozone reactions two ozone molecules 
were needed for the removal of one PAH molecule.
The combination of ozone with UV irradiation showed only slightly higher degiadation 
rates than ozonation alone for fluorene, phenanthiene, and acenaphthene. During those 
experiments no dissolved ozone was measured, which is probably due to the contribution of 
direct photolysis of ozone [BELTRAN et al. 1995]. Investigations from Rivas et al. confinn 
these findings for the treatment of acenaphthylene in aqueous solution with UV/ozone, in 
which no dissolved ozone was detected until the PAH were completely removed from the 
solution [RIVAS et al. 2000]. Their data show comparable acenaphthylene removal rates for 
the combination UV/ozone (500 Pa partial pressure at a flow rate of 2.0 x 10'  ^m  ^ h'^) and 
UV/hydrogen peroxide (c = 10"^  M). A comparison of the conversion values after 2 min of 
oxidation resulted in roughly 16%, 50%, 50%, 85% and 99% for the tieatment methods UV, 
UV/H2O2, UV/O3, O3/H2O2 and O3, respectively. Therefore, it can be concluded that among 
systems using ozone, the process of “ozonation only” is the most effective method to remove 
acenaphthylene from aqueous enviromnents.
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IiTespective of the method of acenaphthylene oxidation, similar inteimediates were found 
during the course of the reaction. In Table 3-6 the main by-products identified by GC/MS are 
depicted. The formation of some compounds like fur ans, biphenyls, pyrans, etc. presumes an 
increase in toxicity if compared to the paient compound. However, extended reaction times 
(up to 30 min) resulted in the complete disappearance of inteimediates to foim hamiless 
products such as low molecular organic acids.
Table 3-6 Inteimediates identified during the degiadation of acenaphthylene by different 
ti'eatments [RIVAS et al. 2000]
Compound UV 0 3 UV/H2 0 2 H2 0 2 /0 3 UV/ 0 3
2-methyl naphthalene X X X X
1-methyl naphthalene X X
2-ethene naphthalene X X X X X
1,7-dimethyl naphthalene X X X X
2,7-dimethyl naphthalene X X X X
1-naphthalene caiboxy aldehyde X X X X X
dibenzofumne X X X X X
1H,2H-1 -oxoacenaphthylene-2-one X X X X X
2-ethoxy-3 -methoxyphenol X X X
1,1-biphenyl 4-carboxyaldehyde X X X X
1,1-biphenyl 2,2-diol X
1,2-acenaphthylenedione X X X
lH,3H-naphthene(l,8 cd)pyran 1-one X X X X X
Naphthalene caiboxylic acid X X X X X
1,8-naphthalic anhydride X X X X X
o-hydioxybiphenyl X X X
1 (3H)-isobenzoftu*anone X X
2-hydroxy-1 -naphthalene carboxy 
aldehyde
X
benzaldehyde X
2-methyl-benzaldeliyde X
Many studies have demonstrated the benefit of the UV/H2O2 combination as a treatment 
method for PAH [AN and CARRYWAY 2002, BELTRÀN et a l 1996, LEDAKOWICZ et a l
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1999, TUHKANEN and BELTRAN 1995]. Tuhkanen and Beltràn (1995) studied the 
products of naphthalene decomposition by UV and UV/hydrogen peroxide treatment 
[TUHKANEN and BELTRAN 1995]. Treatment with hydrogen peroxide alone caused no 
decrease in naphthalene concentration. Naphthalene was decomposed by UV iiTadiation, 
whereas the addition of hydrogen peroxide significantly accelerated the degradation, 
depending on the concentiation of the oxidant. The optimum initial hydrogen peroxide 
concentiation was 1 0  mmol/1; at higher concentrations hydrogen peroxide was found to be an 
effective OH radical scavenger. After 80 min of iiTadiation, when almost all the inteimediates 
had disappeared, 67% of the initial oxidant concentiation was left. Hie decomposition of 
naphthalene produced various aliphatic and aromatic carboxylic acids. During UV iiTadiation, 
bicyclic products and semi-labile inteimediates were detected which disappeai*ed during the 
course of inadiation.
Ledakowicz et a l found that benzo[a]pyrene, clnysene and fluorene are also recalcitrant under 
the influence of hydrogen peroxide (without iiTadiation) after 30 min of reaction time. Hie 
combination of UV/H2O2 proved to be a method to efficiently accelerate the decomposition of 
PAH during UV iiTadiation. The rate of PAH degradation depends on the pH, and the smallest 
rates were achieved in alkaline solution. The application of radical scavengers elucidated that 
the decomposition of benzo[a]pyreiie and clnysene followed a radical pathway, whereas the 
degradation of fluorene was not influenced by radical scavengers [LEDAKOWICZ et a l
1999].
An and Carraway (2002) investigated the photochemical degradation of phenantluene and 
pyrene dissolved in aimiionium perfluorooctanate (APFO) in the presence of hydrogen 
peroxide and found similaiiy that the application of hydrogen peroxide significantly eidianced 
the photolysis in water and APFO solutions [AN and CARRYWAY 2002]. Overall it can be 
said that among advanced oxidation systems ozone combined with UV iiTadiation shows the 
highest removal rates for PAH, although the differences with respect to ozonation are so small 
that in practice it is likely that the cost associated with the use of UV iiTadiation makes 
ozonation alone the most cost-effective teclmology to remove PAH fiom water.
The sonochemical destruction of naphthalene, acenaphthylene and phenantluene in aqueous 
solution was studied by Psillalds et a l (2003). Ultiasonic destmction occurs as a result of 
imploding cavitation bubbles and involves vaiious pathways such as hydroxyl radical induced 
reactions at the bubble-liquid interface and/or in the liquid bulk. Removal rates were found to 
decrease as the initial concentiation increased as well as in the presence of an excess of 
dissolved salts. By adding radical scavengers the degiadation was significantly suppressed, 
thus confiiming the presence of a radical chain mechanism in this treatment method 
[PSBLLAKIS et a l  2003].
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3.2 Ultraviolet Light: Characteristics, Applications and Generation
3.2.1 The Nature of Ultraviolet Light
The vaiious types of electi*omagnetic waves include light, radio waves, x-rays, gainina rays, 
and microwaves, diffeiing only in wavelength (^) and frequency (/), wliich aie related to the 
speed of light in a vacuum (c) in the following way:
/  = — Eqn. 3-3
Historically, the nature of light has been discussed frequently. Wliile Christian Huygens 
(1629-1695) promoted tlie wave theory of light, Isaac Newton (1642-1727) established the 
corpuscular theory of liglit, stating that light is made up of particles. Using this, he was able to 
explain the laws of reflection and refr action. Newton's view was accepted by many scientists 
for over 100 years. Hieii in 1801 Thomas Young revived the wave theory of light; and 
introduced the idea of interference as a wave phenomenon, hi 1850, Jean Foucault 
detennined the speed of light in water and showed that it is less than in air, thus ruling out 
Newton’s particle theory. Maxwell (1831-1879), supporting the wave theory, developed the 
electromagnetic theory of liglit, arguing that light is composed of electric and magnetic field 
vectors. Although the wave theory is generally correct in describing the propagation of light 
(and otlier electiomagnetic waves), it fails to account for all properties of light, especially the 
interaction of light with matter. Maxwell’s theory was confirmed in 1887 by Hertz who 
discovered the photoelectric effect which can only be explained by a particle model of light. 
In 1905, Einstein demonstrated that light is not distributed continuously in space but rather 
quantised in small bundles, called photons. The energy of a photon E  is related to the 
frequency, /  of the associated liglit wave by Planck’s law E  = h f  where h is Planck’s 
constant. The accepted value for tliis constant is li = 6.626 x 10'^  ^ I s = 4.136 x 10'^  ^ eV-s 
[TIPLER 1991].
E = h ' f  = ^ ^ ^  Eqn. 3-4A
U = N^ ' h ‘ f  -  — - Eqn. 3-5A
E = Energy of a single photon U = Energy per mol photons
h = Planck constant Na= Avogadro number
f  = frequency c = speed of light
X = wavelength
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Planck’s Law of Radiation connects the particle and wave properties of light and is nowadays 
generally accepted (wave-particle duality).
The human eye is sensitive to electromagnetic radiation in the range of about 400-700 nm, 
called visible light. Electromagnetic waves with wavelengths slightly less than those of 
visible light are called ultraviolet rays (400-100 nm) [TIPLER 1991]. Particular ranges of 
ultraviolet light (UV light) are named separately because of their different biological effects 
(Figure 3-8).
The impact of UV radiation on human skin and eyes may lead to severe effects including skin 
cancer, severe skin burning or conjunctivitis. Hence, appropriate protective measures must be 
considered while working with artificial radiant sources. This includes UV-blocking eyewear 
and face wear.
100 nm 400 nm
Gamma
Rays X-ray UV Visible infrared
Vacuum UV UV-C UV-B UV-A
100 nm 200 nm 300 nm 400 nm
Ozone forming Germicidal Sun tanning and
range range burning range
Figure 3-8 Range of electromagnetic waves; modified 
[EPA 2003]
The energy of a single photon is in the range of approximately 3.3 eV (380 nm) to 124 eV 
(10 nm). Because of its chemical and biological effectiveness, the whole range of UV light is 
therefore often referred to as actinic light (Greek; aktis = ray), in opposition to thermic waves. 
Actinic wavelengths involve energies that are able to initiate chemical changes in the 
irradiated molecules such as activation, ionisation or dissociation [BRAUN et al. 1991, 
FALBE and REGITZ 1995]. Thus, a fundamental characteristic of UV light is that photons of 
these wavelengths are of sufficient energy to raise atoms or molecules to excited electronic 
states (denoted by *) with a higher energy level. These are unstable under environmental 
conditions and can transfer energy by returning to the ground state or by promoting chemical 
reactions. The excited electronic state can be the result of either ionisation or activation of the 
irradiated molecule or atom. Ionisation can be shown as M + /iv —> + e'. The electrons
produced this way can either promote photoelectric processes or act as reducing agents.
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Activation can be represented as M + hv M*. The deactivation of M* can occur through 
several mechanisms, such as: “thermal dissipation (not relevant for water treatment), photonic 
energy transfers, as by fluorescence, that is energy transfer to other molecules or atoms of 
lower energy of activation (e.g. chain reaction mechanisms), breakage of linkages between 
atoms in molecules” [MASSCHELEIN and RICE 2002]. Furthermore, they cite a scheme of 
typical domains of UV absorbance for a number of organic compounds and characteristic 
groups from Kalisvaart (Figure 3-9), giving a useful indication of absorption ranges of 
unknown compounds, in order to plan their treatment method [KALISVAART 2000].
Wavelength (nm)------ -
200 250 300 350
?C-C^"c=cC-CsC- ^C=N- 
—C = N —• C (C “= C >20
3
4Z:c=s-O-H
R —GOGH 
R —COO —R' 
R —CO —NH —R' 
R — S — CO— R 
R —C«*C—COOH —C“ C CO S R
-
W  f Y
_ 0 - N 0 -NOg
Indote
Figure 3-9 Regions of absorption of UV light of
organic groups and molecules
In case of light absorbing components in the medium through which the light passes, the total 
power of the radiation attenuates. For the special case of homogeneous reaction media the 
proportion of radiation absorbed by a substance can be described by the law of Beer-Lambert
Eqn. 3-6
where Ex (1/mol cm) is the material specific molar absorption coefficient, / (cm) is the the 
transmitted pathlength, c (mol/1) is the concentration of the substance in solution. Po,x and Px,
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refer to tlie incident irradiance and ti'ansmitted irradiance, respectively, and the molar 
absoiption coefficient 8  characterises tlie effectiveness of a molecule in absorbing liglit of a 
given wavelength. Thereby, the degree of attenuation depends solely on the specific molar 
absoiption coefficient, the ti'ansmitted pathlength, and the concentration c of the substance in 
solution. The Beer-Lambert Law is defined exclusively for monochromatic radiation 
[BECKER et a l 1991, SONNTAG and SCHUCHMANN 1992].
3.2.2 Generation of Ultraviolet Light: Lamp Technology
hi photochemisti'y, particularly in photo-initiated advanced oxidation processes (AOP), the 
appropriate selection of tlie lamp type largely detemiines tlie effectiveness of the desired 
process. The most common type of UV lamp is the mercury vapour lamp. Tliese lamps are 
categorised as low pressuie (0.01-0.001 mbar), medium pressure (1-3 bar) and high pressure 
(up to 10 bar) mercury lamps, hi contrast to medium pressure UV lamps which emit a 
continuous spectrum of UV light, low pressure UV lamps mainly emit radiation at 253.7 mn 
and additionally at 184.9 mn (5-10% of the UV-C output). For the puipose of UV oxidation 
the emission line at 184.9 mn is more desirable, causing the foiination of hydroxyl radicals 
tlirough the photolysis of water [OPPENLANDER 2003]. Table 3-7 lists characteristics 
associated with tliese lamp types.
Table 3-7 Characteristics of Low-pressure (LP), Low-pressure high-output (LPHO) and 
Medium-pressure UV lamps [EPA 2003]
Param eter Low -pressure Low -pressurehigli-aulput M edium -press ure
Gemiicidal UV light Monochromatic al 254 nm
Monochromatic 
at 254 nm
Polychromatic, Including 
germicidal range 
(200 to 300 nm}
Mercury Vapor Pressure ((oir) Optimal a t Q.TO7 0.76 3 0 0 -3 0 ,0 0 0
Operating Tempemture (*C) Optimal at 40 1 3 0 -2 0 0 GOD- 9 0 0
Electrical Input (V#cm) 0.5 1 -5 -1 0 SO-2 5 0
Germicidal UV Output (W/cm) 0-2 0.5 — 3.5 5 - 3 0
Electrical to Gennicidai UV 
Conversion Efficiency (%) 35 — 36 3 0 - 4 0 1 0 - 2 0
Arc length (cm) 1 0 -1 5 0 1 0 - 1 5 0 5 - 1 2 0
Relative Number of Lamps 
Needed for a  Given Dose High Intermediate Low
Lifetime <hra) 8 ,0 0 0 -  10,000 8 ,0 0 0 -1 2 ,0 0 0 4,000 -  8,000
Recently, so-called low pressure high output lamps (LPHO) doped with a special Amalgam 
(BihiHg) instead of pure mercury have been introduced. They reach an optimum Hg pressure 
at a temperature roughly 40 K higher tlian conventional low-pressure UV lamps. Therefore, 
an electrical current about tlnee times larger can be applied, leading to a doubled UV-C 
output for the same geometrical dimensions [UV-TECHNIK 2005]. The emission at 185 mn
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is even up to five times higher compared to a standard LP ozone generating lamp [SCHALK 
2005]. Further characteristics are a higher wall temperature, better temperature stability and a 
more efficient operation at lower ambient temperature [HEERING 2003, VAN DER POL and 
KRIJNEN 2005]. This lamp type was used for the laboratory and field experiments of this 
thesis. The detailed lamps specifications are presented in Appendix B.
Mercury vapour discharge lamps consist of a UV-transmitting envelope made from a quartz 
tube and sealed at both ends. Since the UV transmittance of the quartz envelope affects the 
spectral output of UV lamps (especially at lower wavelengths), the quality of the quartz glass 
is of great relevance. The envelope is filled with mercury and an inert gas, usually argon. 
Although this gas does not participate directly in the photon generation, it increases the 
number of current carriers: electrons and ions [GOLIMOWSKI and GOLIMOWSKA 1996] 
and reduces deterioration of the electrodes. The mercury fill in UV lamps can be in either a 
solid, liquid or vapour phase. The electrodes are located at each end of the envelope 
connected to the outside through a seal. They operate at a temperature of close to 900 °C, 
thermally emit free electrons with an arc discharge and are referred to as hot cathode lamps. 
The electrode is made of a coil of tungsten wire [EPA 2003].
Low pressure Hg lamp (0.01 mbar Hg) Medium pressure Hg lamp (> 1 bar Hg)
Figure 3-10 Two types of electrodes according to Hg vapour pressure 
[SCHALK 2005]
Typically UV lamps are operated with an alternating current (AC) power supply and they can 
not be connected directly to the electrical service. In order for the mercury vapour lamp to 
function properly, a ballast must be inserted into the circuit to limit the current flow through 
the lamp.
For most applications lamps are housed within lamp sleeves which have several functions in 
addition to housing the lamp: they maintain the lamp temperature at an optimal value, isolate 
the lamp and its electrical connections from the water, protect the lamp from mechanical 
forces such as water hammer and thermal shock caused by differences in water and lamp 
envelope temperature. Components within the sleeve should withstand exposure to UV light, 
ozone and high temperatures. If they are not made of the appropriate material, exposure can 
cause component deterioration. Furthermore, off-gassed materials can generate UV-absorbing 
deposits on the inner surfaces of the lamp sleeve [EPA 2003].
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UV light generation through gas discharge
Wlieii a sufficiently high voltage is applied across a volume of gas, a mixtui'e of non-excited 
atoms, cations and fi*ee elections is formed, called gas discharge. This gas discharge emits 
light at certain wavelengths, depending on the elemental composition of the gas discharge and 
the excitation, ionisation and the kinetic energy of those elements. In most commercial UV 
lamps mercury is used to generate UV light. Mercury has a low ionisation energy and 
therefore fi-ee electrons and cations required for the formation of the gas dischai ge are easily 
created using a relatively low initial voltage.
Tlie generation of a gas discharge witliin a UV lamp involves several stages. When a voltage 
is first applied, ions and fi'ee electrons present in the gas are accelerated by the electric field 
between the two electrodes. With sufficient voltage, the elections gain high kinetic energy and 
collisions of fiee electrons witli atoms result in a tiansfer of energy to the atoms. If the 
transferred energy is sufficient, the atoms are ionised [GOLIMOWSKI and GOLIMOWSKA 
1996]:
e + Hg —> Hg + e Eqn. 3-7
Hg + e —> Hg^ + 2e Eqn. 3-8
The ionisation initialises a rapid increase in the number of fiee electrons and cations. Cations 
colliding with an electrode cause electrons to be emitted. If sufficient electrons are emitted, a 
self-sustaining glow discharge occurs. With an increase in cuiTent, the area increases until the 
entire electrode is in use. High energy cations that collide with the electiode increase the 
electrode’s temperature and the electrode begins to thermally emit electrons. At tliis point, the 
electrode discharge is termed an arc discharge [EPA 2003].
Tlie relative intensity of the different lines emitted from a mercury discharge depends on the 
concentration of mercury atoms which is directly related to the mercuiy pressure. At low 
pressures of 0.13 x 10"^  to 1.33 10'  ^bar*, the concentration of mercury is low and tlie distance 
elections travel between collisions is relatively long; with longer travel distance the electrons 
gain higher kinetic energies. The collisions between mercury atoms and those free electrons 
excite mercury to the first energy state above ground state; excited mercury in turn emits 
electromagnetic energy at 253.7 nm (6^Pi —> 6*Sq transition) and 184.9 nm (6^Pi 6^ So 
transition) when deactivating back to its ground state. Those lamp types are commonly 
referred to as low pressur e mercury lamps. Low pressure mercury lamps operate near ambient 
temperature and thus do not require cooling [BRAUN et a l 1991].
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I o n i z a t i o n
1 0
Figure 3-11 Energy diagram of mercury 
[HEERING 2003]
S .
Figure 3-12 Examples of low pressure mercury lamps 
[UV-TECHNIK 2005]
At higher mercury pressures (1.3 x 10"^  to 1.3 x 10^  Pa), a much greater collision frequency 
between mercury atoms and free electrons occurs. This increases the energy state of the 
mercury atoms and cations to near that of the electrons and increases the temperature of the 
gas discharge to almost 6,000 °C, thus necessitating the installation of an efficient cooling 
system. When atoms return to lower energy states, electromagnetic energy at several 
wavelengths in the UV range and visible light regions is generated. Additionally, the 
recombination of free electrons and mercury cations produces a small continuum of UV light 
between 200 and 245 nm. UV lamps with this type of discharge are referred to as medium 
pressure (MP) lamps [EPA 2003].
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Figure 3-13 Examples of medium pressure mercury lamps 
[HEERING 2003]
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Figure 3-14 Comparison of the UV output of LP and MP mercury lamps 
[EPA 2003]
In the past 18 years a novel generation of mercury free gas discharge lamps, the excimer lamp 
(excited dimer), was developed [ELIASSON et al. 1988, KOGELSCHATZ 1989, KOGEL- 
SCHATZ and ELIAS SON 1996]. It emits quasi-monochromatic (almost monochromatic) 
incoherent VUV (Vacuum UV) or UV radiation by silent electrical discharges in gaseous 
atmospheres. Therefore, the electrodes are not positioned in the gas space, but are separated 
by a dielectric barrier, usually quartz glass, from the gas. Inner and outer quartz tubes are
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connected with one another at the rims, and the volume between them is filled with a gas 
mixture for the desired formation of excimers, excited molecules. The outer electrode is a 
metal grid in order to transmit the radiation which is generated by the excimers in the gas 
space.
electrode (transparent)
quartz
gap HV
inner electrode
gap
Figure 3-15 Typical excimer lamps geometry 
[HEERING 2003]
To overcome the dielectric barrier a high alternating voltage of several kV with frequencies 
between 50 kHz and 500 kHz has to be fed to the outer electrodes. So a lot of self- 
extinguishing micro discharges are generated at gas pressures of the order of 1 bar. The micro 
channels are statistically distributed over time and space and exist only about 10-20 ns.
Figure 3-16 Micro discharges of a coaxial excimer lamp 
[HEERING 2003]
As the electric fields are quite high in the gap between the electrodes, even rare gas atoms can 
be efficiently excited. The excited rare gas atoms can form excimers with other rare gas, metal 
or halogen atoms [KOGELSCHATZ 1989]. For example a xenon atom can be electronically 
excited by electron impact. Subsequently, the short lived xenon excimer (Xe2*) is formed in a 
three body reaction by collision of the electronically excited xenon atom (Xe*) with ground 
state xenon atoms (Xe). Under suitable conditions of the plasma the xenon excimer decays 
within nanoseconds with emission of 172 nm radiation and the formation of two ground state 
xenon atoms:
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Excitation via collision e + Xe Xe +e'
Three body reaction 2 Xe + Xe —> Xe2 + Xe
Eqn. 3-9 
Eqn. 3-10
Emission Xeo 2Xe + h-v(172nm) Eqn. 3-11
The wavelength of emission mainly depends on the excimer gas or gas mixture that is applied. 
The most efficient rare gas halide systems are compiled in Table 3-8 [OPPENLANDER
2005].
Table 3-8 Matrix of excimers and exciplexes obtained from halogens and rare 
gases and their emission maxima
Rare Gas
Helium Neon Argon Krypton Xenon
74 nm 83 nm 126 nm 146 nm 172 nm
Fluorine 157 nm 108 nm 193 nm 248 nm 354 nm
Chlorine 259 nm 175 nm 222 nm 308 nm
Bromine 289 nm 165 nm 207 nm 282 nm
Iodine 342 nm 190 nm 253 nm
W avelengths o f  com m ercially available excilam ps are in bold
3.2.3 Measurement of Ultraviolet Light
3.2.3.1 UV Sensors
During an irradiation process the applied ultraviolet dose (UV dose) must be measured. In 
particular, UV disinfecting equipment for drinking water processing comes with a UV 
monitoring device, to be mounted in a suitable position relative to the UV source. These UV 
sensors usually consist of a semiconductor photocell. Light striking a photodiode causes a 
charge to build up between the internal layers of the semiconductor material. When an 
external circuit is connected to the cell, the photo-induced current can be measured using an 
operational amplifier (radiometer). After proper calibration with an external standard, a 
photodiode may be used as a detector for the absolute determination of the photon flux at 
every wavelength. The measured radiometric flux per unit area is called irradiance (fluence
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rate). It is typically expressed in watts per square centimetre (W/cm^) or watts per square 
meter (W/m^); unit conversion: 1 W/cm^= W/m^ [RYER 1997].
Sensors have to be attached outside the vessel, separated from the medium by a window or a 
cuvette wall, whose absorption must be taken into account since it camiot noiinally be 
immersed. Moreover, with obliquely incident UV liglit, the sensor response, wliich is strongly 
dependent on the angle of incidence, is lower and can yield an underestimation of the fluence 
rate.
It is often difficult to determine the effective fluence rate inside a reactor using optical sensors 
alone, as the reading may drift and the sensor sensitivity to UV light diminishes with use. This 
is due to surface damage caused by radiation, mainly for reactors using liigh interrsity medium 
pressure lamps. Significant variability between sensors was observed over time, when a single 
source of irradiance was measured in flow through reactors. Consequently, online UV sensors 
should be calibrated periodically, either against a reference sensor that has been calibrated to a 
traceable standard or by chemical actinometry [HOYER et al. 1992, SCHULZ et al. 2002].
3.2.3.2 Chemical Actinometry
Chemical actinometry has been applied in photochemistry as a relatively simple and accurate 
method for radiation measurement for more than 70 years. The advantage of chemical 
actinometry is that it can be performed analogously to the planned photochemical experiment; 
therefore the absorbed photon flow can be measured under test conditions. According to the 
International Union o f Pure and Applied Chemistry (lUPAC) chemical actinorneters are 
systems by which the number of photons in a beam can be determined integr ally or per unit 
time. They undergo a liglit-induced reaction (at a certain wavelength, 1) for which the 
quantum yield, 0 ,  is known exactly. Measuring the reaction rate allows tlie calculation of the 
rate of absorbed photons [KUHN et al. 2002].
The fr action of incident light absorbed by a chemical actinometer per unit time, Nabs, can be 
expressed as:
Nabs =  N o  (1 -10 ’^ ) = N o  (1 - Eqn. 3-12
where A stands for the absorbance of the actinometer. The wavelength dependent quantum 
yield of a photochemical reaction, ®x, can be defined as number of events (e.g. molecules 
changed, formed or destroyed) reacting per unit time, dNAc, divided by the number of photons 
absorbed. Nabs, in the same period of time.
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For the determination of the incident number of photons, tliree different absorption conditions 
may occur [FAVARO 1998]:
Concentrated solutions (A> 2)
For total absorption the incident number of photons, No, is equal to the absorbed number of 
photons and can therefore easily be calculated from the number of reacting molecules (Nac), 
the quantum yield at the radiation wavelength and the reaction time.
No = with dN,, = d U c Y r  *iV, Eqn. 3-14
With V referring to the total irradiated volume and the Avogadro constant, 
Na = 6 . 0 2 2  *1 0 “  m or'.
Dilute solutions (2 > A > 0.3)
Hie solutions partially absorb the incident liglit at the wavelength of irradiation. Under these 
conditions, no approximation of the absorbed light is possible, hi this case the incident 
number of photons can be calculated using the following equation:
= ( 2 . 3 0 3 In ^ Ac Eqn. 3-15
Very dilute solutions (A <0.03)
Tliose solutions absorb a negligible fraction of the incident light at the wavelength of 
irradiation, which means that more than 80% of the incident photons are not absorbed. In 
negligible absorption conditions Nabs can be approximated to 2.303*No-8ac‘[Ac]. Following 
from this the integr ated rate equation is:
The easiest case is for Nabs ~ No for total absorption (A>2) during the whole irradiation 
period, which is therefore recommended.
Examples of chemical actinorneters
The utilisation of hydrogen peroxide as a chemical actinometer is an attractive method for 
the determination of the incident number of photons of low pressure mercury lamps at the
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specific wavelength of 254 nm. The photochemical degradation of hydrogen peroxide yields 
water and molecular oxygen and can be described by the following equations [NICOLE et aL 
1990].
2HO Eqn. 3-17
HO + H 2O2 -^HO^ +H 2O Eqn. 3-18
HOo + H  2 O2 —^ HO + H  oO 0-1 Eqn. 3-19
The quantum yield, 0  for the degradation of hydrogen peroxide at 254 nm is 0.5 [OP­
PENLANDER 2003]. Tliis system is inexpensive, easy to measure e.g. using the fluorometric 
method and was employed to check the stability of the UV lamp within the laboratory 
irradiation system.
Uridine exhibits a UV spectinim which is similar to the spectmm of DNA, therefore it is often 
used to monitor tlie efficiency of UV-C lamps in disinfection practise. Die photohydrates 
which are formed during inadiation (see Figure 3-17) absorb at shorter wavelengths than 
uridine, showing an absorption maximum o f262 nm.
Therefore the degradation of uridine can be measuied photometiically at 262 nm. The 
quantum yield 0  of the photochemical degradation of uridine at 254 nm is 0.019. Diis system 
was used to determine the photon flow in the photoreactor of the laboratory iiTadiation set-up.
Uridine
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Figure 3-17 Mechanism of tlie photo hydration of uridine
Another widely used chemical actinometer is Potassium ferrioxalate, exhibiting a 
wavelength independent quantum yield (0  = 1.25) between 250 and 366 nm which is also 
independent of temperature, hi this system ferric iron is reduced to ferrous iron, which on 
reaction with 1 ,1 0 -phenanthroline in acidic buffered solution can be measured as a red 
complex by means of a specti'ophotometer [FAVARO 1998].
3 Literature and Fundamentals 39
Fe(C2 0 4 )n^ '^ “ + C2O4- + (n-1) CzO /' Eqn. 3-20
Fe(C2 0 4 )n^ '^ ° + C2O4' -4. Fe^+ + 2 C0 2  + nC 2 0 4 -^ Eqn. 3-21
A very extensive compilation of chemical actinometers prepared by lUPAC on photochemis­
try lists almost a hundred photochemical systems in solid, gaseous and liquid phases which 
were tested as actinometers. They are characterised by wavelength range of operation, 
quantum yield at the inadiation wavelengtli, sensitivity and analytical method [KUHN et al. 
2002].
Mark et al. described the potassium peroxodisulfate system at 254 nm radiation for use in 
connection with UV tieatment in drinking water processing as a reliable and convenient 
method [MARK et al. 1990, MARK et a l  1990].
Both chemical actinometers and sensors have advantages and disadvantages. Optical sensors 
allow pennanent monitoring of UV lamps in operation, while in-situ actinometiy can only be 
canied out when the UV reactor is not in regular operation mode. Furtheimore, optical 
sensors only partially register irradiation, strongly depending on the angle of incidence, 
whereas in-situ actinometry allows the evaluation of die radiation input over the entire 
iiTadiated volume.
3.2.4 Applications of Ultraviolet Light
Presently, die prhiiary puipose of applying UV inadiation in water treatment is disinfection 
[FIGAWA 1998, HOYER 2003, SONNTAG and SCHUCHMANN 1992]. The teclinical 
method was introduced primarily in diinldng water supplies at the beginning of the twentieth 
century. During the last 15 years UV disinfection has rapidly gained popularity for water and 
air treatment [MASSCHELEEST and RICE 2002]. No chemicals have to be added, the reaction 
time is very short and the method does not create a change in smell or taste. UV light 
inactivates microorganisms by damaging deoxyiibonucleic acid (DNA) or ribonucleic acid 
(RNA), thereby interfering with replication of the microorganisms [EPA 2003]. As shown in 
Figure 3-18, each of the nucleotides absorbs UV l i ^ t  fi'om 200 to 300 nm. The UV 
absorption of DNA results from the combination of nucleotides and has a peak near 260 mn in 
the wavelength range emitted by germicidal lamps, enabling photo biological effects that lead 
to nucleic acid damage.
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Figure 3-18 UV absorbance of nucleotides (left) and nucleic acid (right) at pH 7 
[EPA 2003]
It used to be thought that UV disinfection was more effective for bacteria and viruses, which 
have more exposed genetic material than for larger pathogens whieh have outer coatings or 
that fomi cyst states (e.g. Giardid) that sliield their DNA from tlie UV light [BERNHARDT 
1994, BERNHARDT et al. 1994]. However, it was recently discovered that ultraviolet 
radiation can effectively inactivate parasites like Cryptosporidium [BOLTON et al. 1998, 
BOLTON 2001, SHAW et al. 2000].
UV-C has been used in hospitals for decades to sterilize surgical instmments, water, and the 
air in operating rooms. In recent years, public health concerns, such as Hie “sick building” 
syndrome, the tlueat of biotenorism and the SARS crisis have highlighted the need for 
alternative air treatment teclmologies, such as the use of ultiaviolet light. Tliis teclniology is 
already widely used by the phannaceutical industiy, by healthcare providers and companies 
with interest in a high quality indoor air supply such as call centers, banks etc. to disinfect the 
air or to remove chemical contaminants [LIN and LI 2002, MCCLEAN 2001].
Many food and drug companies use germicidal lamps to disinfect various types of products, 
e.g. to pasteurise finit juices by pumping the juice over a high intensity ultraviolet light source 
[KOUTCHMA and PARISI2003].
Another use of UV light which has gained more and more importance over the last few years 
in Europe is the production of ultrapure water for pharmaceutical and medical applications. 
Furtheimore ultraviolet radiation is used for very fine resolution photolithography, a 
procedure where a chemical known as a photoresist is exposed to UV radiation which has 
passed tliiough a mask. Hie light allows chemical reactions to take plaee in the photoresist, 
and after development (a step that either removes the exposed or unexposed photoresist), a 
geometric pattern which is determined by the mask remains on the sample. UV radiation is 
used extensively in the eleetronics industry because photolitliography is involved in the 
manufacture of semiconductors [BECKER et al. 1991].
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A well-known technique in chemistiy is UVWIS spectiophotometiy which is used to 
deteiinine the absorption or transmission of UV/VIS light by a sample. Another application of 
UV light is the curing of adhesives and coatings. Certain adhesives and eoatings are 
foimulated with photoinitiators, and when exposed to the conect wavelengths of UV light, 
polymerisation occurs, and so the adhesives harden or cure. Applications include glass and 
plastic bonding, optical fibre coatings, tlie coating of flooring, and dental fillings [BECKER et 
a l 1991, BOLTON 2001].
UV iiTadiation is known to be an effective tieatment method for the degradation of chemical 
contaminants in aqueous systems, as discussed in chapter 3.1.2 where the removal of several 
PAH by means of UV light was demonstiated. Generally the degradation can occur tluougli 
direct photolysis or through hydroxyl radical generating processes (AOP). The latter is 
described in detail in chapter 3.3 where single and vaiious combinations of hydroxyl radical 
generating processes are explained. Direct photolysis of contaminants is only effective if the 
UV light emitted by a UV lamp is absorbed by the contaminant, and plays a minor role 
compared to AOP in technical applications [LINDEN et a l 2002]. However, a number of 
papers have reported the degradation of chemicals in water using the Hg emission line at 
254 mn produced by low pressui'e mercury lamps.
A comprehensive survey of those results was composed by Legrini et a l  concluding that 
254 mn irradiation alone eamiot be used as an effective teclmique for the removal of organics 
fiom water [LEGRINI et a l  1993]. However, he cites studies on the decomposition of 
chlorinated hydrocaibons by UV iiTadiation (254 mn) showing tliat 85% PCE, 55% TCE and 
40% 1,1,1 -trichloroethane were removed within a 60 minutes iiTadiation time [FRISCHHERZ 
et a l 1986]. The degradation of trihalomethanogens (THM) showed that only brominated 
THM was photolysed, where the oxidative degradation was started by C-Br homolysis 
[NICOLE et a l  1991]. Further investigations reported results on tlie photolysis of methylene 
chloride in distilled water, where removal rates of 60% were found after 25 minutes of 
irradiation time [ZEFF and LEITIS 1989], and removal rates of about 50% of benzene within 
90 mill [WEIR et a l  2006]. Sundstrom et a l investigated the direct photolysis of some 
aromatic pollutants and found that 2,4,6-tiichlorophenol was the most reactive, with a 
reduction of 98% of its initial concentration within 50 min [SUNDSTROM et a l 1989]. 
Further studies on the direct photolysis of aiomatics in water indicate that 90% removal of 
chlorobenzene, 1,2,4-tiichlorobenzene, nitrobenzene, phenol and 4-nitrophenol is acliieved 
within 45, 125, >60, >60 and >60 min, respectively [GUITTONNEAU et a l 1988]. The 
authors also showed that clilorobenzenes are more rapidly decomposed than nitroaromatics 
and that no TOC reduction occurred within the first 60 min of iiTadiation. From an inerease of 
the absorbance of the aqueous solution at 254 nm it was concluded that photolysis of 
aromatics is leading to the formation of polyhydroxyl compounds.
3 Literature and Fundamentals 42
Bernhardt et al. reported the dégr adation of the clilorinated substances PCE and TCE under 
the conditions of UV disinfection. Because of the 30-fold smaller absoiption coefficient of 
TCE at 254 mn this substance was degraded to a smaller extent. Similar results were found 
for certain halogenated herbicides, e.g. the dehalogenation of chlorinated triazines [BERN­
HARDT et al. 1994, NICK and SCHÔLER 1995].
Worner et al. reported that UV-C photolysis of aqueous solutions of carbon tetrachloride with 
medium pressure lamps led to partial depletion of CCI4 , although the method was not suitable 
for a complete dehalogenation of organic halides [WORNER et a l 1998].
Constraints and limitations o fU V  irradiation
As an UV lamp ages, it can degrade as a function of operating hours, number of on/off cycles 
and power applied per unit (lamp) length, resulting in a reduction in light output. Further­
more, mercury diffusion into the glass bulb, causing a drop in the radiation output, is an 
important factor controlling the lamp efficiency. Vaporised mercury interacting with lamp 
components may also cause UV-C absorbing deposits which then accumulate on the glass 
surface [ALTENA et al. 2001].
Worth mentioning is the risk of mercury release by UV lamp breakage. For a release, both the 
lamp tube and the surrounding quartz jacket would have to break. The few cases described in 
literature all involved medium pressure lamps. The most eommon cause is a lamp being 
stmck by stones or other debris. Other incidents were mostly caused by excessive electrical 
power or overheating [HAFER et al. 2002].
Fouling processes
Depending on the eomposition of the tieated water, precipitation on the outside of the quartz 
sleeve may form and was found to be capable of causing substantial reductions in local UV 
intensity witliin the irradiated zone. Predominant metals in the composition of these deposits 
are usually hon, aluminium, and calcium. Carbonate, sulphate, hydroxide, chloride, and 
phosphate were found to represent the majority of the anions present [LIN et al. 1999]. It was 
found that thermally induced (co)precipitation plays an important role in the accumulation of 
inorganic fouling materials. The sleeves of liigher temperature operating medium pressure 
lamps have been obseiwed to foul faster than the sleeves in a LPHO system [NEEMANN et 
al. 2005]. hi the absence of radiation fiom the lamps, lamp envelopes were found to foul 
quiekly with organic materials. Furthermore iron and aluminium based treatment methods 
(e.g. for phosphorus removal) accelerated fouling processes substantially [LIN et al. 1999, 
LINefa/. 1999].
Derrick et al. compared the fouling behaviour of several reducing gi'oundwaters, all of them 
with high hardness (CaCOs = 275 mg/1) but different iron coneentrations. They found that
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fouling is not only dependent on the theiinal output of lamps and hypothesised that 
photochemical processes may cause fouling as well. Tlie results show that some cations (e.g. 
iron) wliich accumulated on the surface of lamp jackets contiibute more to transmittance 
changes than others (e.g. magnesium). Hie knowledge of cation and anion concentiations 
alone was found to be insuffieient infoimation to predict fouling behaviour. Hius it was 
assumed that changing redox potential, dissolved oxygen and pH of a groundwater may affect 
the deposition of dissolved matter onto quartz surfaces [DERRICK and BLATCHLEY 2005].
EaiTier findings fiom Bernhardt et a l confimi these results stating that it is not possible to 
forecast the diminisliment of the iiTadiance in dependence on tlie content of specific dissolved 
compounds, in general. The reason for the precipitation of compounds rather depends on their 
dispersion fomi in solution than on their concentration, hi case of iron it was shown that 
colloidal dispersed FeOOH caused higher precipitations on quaitz jackets than suspended 
FeOOH. Calcium precipitation was found to be of practically no significance because of its 
liigh UV tianspaiency. Furthermore, water hardness seemed to have minor effeets on the 
precipitation of iron. It was shown that manganese exhibits a 10-fold higher rate of deposition 
on lamp surfaces compared to iron in the same concentration range, leading to significant 
attenuation of UV light [BERNHARDT et a l  1994].
3.3 Advanced Oxidation Processes (AOP)
3.3.1 Introduction
Apart fiom the direct conversion of contaminants tliiough tlie absorption of ultraviolet 
radiation, the formation of hydroxyl radicals (HO') thiough the photolysis of water or 
oxidants such as H2O2 or ozone is another path which leads to the elimination of less reactive 
substances fiom water. Those treatment processes based on higlily reactive radicals, 
especially HO' as a primary oxidant are known as Advanced Oxidation Processes (AOP) 
[GLAZE et a l  1987, GLAZE and KANG 1988]. The high effieiency of AOP in the treatment 
of contaminated waters has been proven for several material groups, among them e.g. volatile 
organic substances (VOC), polychlorinated biphenyls (FOB), pesticides and herbicides, 
dioxins and furans and explosives and their degiadation products [EGGERS 2002, EPA 1998, 
HEMPFLING 1997],
Hie wavelength required to carry out an AOP is generally deteiinined by the principle 
involved in production of hydroxyl radicals. Hiis means the light sources have to be adapted 
to the absorption spectra of the chemical compounds to be irradiated wliich serve as the basic 
substances for the formation of the HO' radicals [EPA 1998],
As composed by Oppenlander (see Figure 3-19) it can be seen that besides photochemical 
processes there aie many non-photochemical teclmologies to efficiently produce hydroxyl 
radicals (for example electron beam iiTadiation, catalytic processes and sonolysis).
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Figure 3-19 Ovei*view of the domains of Advanced 
Oxidation Processes (AOP)
[OPPENLANDER 2003]
It would go beyond the scope of this diesis to describe all the different AOPs depicted in 
Figure 3-19. The described photochemical teclmiques are those which were discussed to 
potentially implement as a pre-treatment step at the contaminated gas works site.
The following section will therefore focus on photochemical AOPs, mainly processes 
involving hydrogen peroxide and ozone (these techniques were investigated in laboratory 
and/or field studies in this thesis). More briefly the combination of the two oxidants hydrogen 
peroxide and ozone will be described, as well as the processes of activated carbon/ozone and 
the Fenton reaction (Fe^’^ /H2 0 2 ).
3.3.2 Properties and Reactions of Hydroxyl Radicals
Hie oxidation potential of hydroxyl radicals in compaiison with various oxidative species 
commonly used in water and wastewater tieatment is listed in Table 3-9. It can be seen that 
the HO* is clearly the strongest oxidising species and it has the potential to significantly 
accelerate the rates of contaminant removal.
Table 3-9 Oxidation potential of some oxidants 
[ZHOU and SMITH 2001]
Oxidative Species Oxidation Potential (V)
Hydroxyl radical 2.80
Ozone 2.07
Hydrogen peroxide 1.78
Permanganate 1.69
Chlorine dioxide 1.56
Chlorine 1.36
Oxygen 1.23
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In addition, most environmental eontaminants react a million to a billion times faster with 
HO’ than witli ozone (a conventional oxidant) which can be seen from the comparison of rate 
constants for various organic substances in [EPA 1998]. Once generated, HO’ aggressively 
attacks viitually all organic compounds. Due to tliis, their lifespan is very short (< 100 ps) 
[HEU 1997].
Table 3-10 Rate constants for O3 and HO’ reactions with organic compounds in
water, according to EPA 1998
Rate Constant (M‘ s' )
Compound Type Ozone Hydroxyl Radicals
Acetylenes 50 "  " "
Alcohols 1 0 '^  to 1 1 0 * to 1 0 ’
Aldehydes 1 0 1 0 ^
Alkanes 1 0 '^ 1 0 * to 1 0 ®
Ai'omatics 1 to 1 0 ^ 1 0 * to 1 0 ' ”
Caiboxylic acids 1 0 '^  to 1 0 '^ 1 0 ® to 1 0 ®
Chlorinated alkenes 1 0 '^  to 1 0 ^ 1 0 ® to 1 0 "
Ketones 1 1 0 ® to 1 0 '"
Olefins 1 to 450 X 10^ 1 0 ® to 1 0 “
Phenols 1 0 ' 1 0 ® to 1 0 '®
Reactions of HO’ radicals witli organic molecules mostly occur tlirough hydrogen abstt^ac- 
tion, where organic radicals are formed
RH + HO' R' + HiO Eqn. 3-22
Hiose organic radicals react quickly with molecular oxygen, dissolved in water to yield 
organic peroxyl radicals (ROO*). Those exhibit efficiently long lifetimes (<10 ms) to diffuse 
into the non-in adiated bulk phase of a reaction system.
R '+O z ROO" Eqn. 3-23
With the presence of molecular oxygen, these inteimediates initiate subsequent thermal 
(chain) reactions of oxidative degi adation. In the ideal case, they mineralise completely under 
the consumption of oxygen to form CO2, H2O and inorganic salts.
ROO" + RH ROOH + R* CO2 + H2O Eqn. 3-24
hi cases of lack of oxygen, organic radicals will initiate polymerisation of unsaturated organic 
substi ate present in the reaction system or generated by dismutation.
Despite the high reactivity of hydroxyl radicals they do not, or only slowly, react with poly- 
or perchlorinated alkanes, as they cannot generate radicals by halogen abstiaction. In this case
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electron transfer to hydroxyl radicals occurs, exhihiting another pathway of oxidative 
degradation. Tliereby the reduction of hydroxyl radicals to hydroxide anions by an organic 
substiate is of particular interest [BRAUN and OLIVEROS 1997, HEIT 1997, LEGRINI et 
al. 1993]:
RX + HO" HO' + RX"" Eqn. 3-25
If the organic substiate includes a double bond (e.g. vinyl chloride), electrophilic addition of 
an HO’ radical to Tc-systems of a high electron density can occur, likewise leading to organic 
radicals [BRAUN and OLIVEROS 1997]:
HO" + X2C=CX2 X2C(0 H)-C*X2 Eqn. 3-26
The subsequent reactions of the generated organic radicals are quite similar to those 
mentioned above and finally lead to the mineralization of the organic substrate in the presence 
of molecular oxygen.
Tlie recombination of two HO’ radicals must also be taken to account, leading to the 
foimation of hydrogen peroxide. This in turn will produce hydroperoxyl radicals (HO2"), 
which are much less reactive and do not contribute to the oxidative degradation of organic 
substiates.
H0" + H2 0 2  -> H0 2 " + H2 0  Eqn. 3-27
Worth mentioning is the fact that the presence of carbonate and hydrogen carbonate ions 
negatively influences those teclmologies of water tieatment which are based on the formation 
of HO’ radicals. Both react with HO’ radicals to form CO3 " which reduces the efficiency of 
degradation due to its low reactivity [LEGRINI et al. 1993]. Niti'ate and nitrite aie other 
typical examples of inorganic ions which interact with the primaiy products of the water 
photolysis [GONZALEZ and BRAUN 1995, GONZALEZ and BRAUN 1996, MACK and 
BOLTON 1999].
3.3.3 Vacuum Ultraviolet (VUV) Photolysis of Water
UV irradiation of a wavelength shorter than 190 nm is absorbed by almost all substances 
(including water and air), thus it can only be transmitted in a vacuum. The higli energy 
associated with VUV radiation can photolyse water to yield HO’ radicals and hydrogen atoms 
(H’). The particular advantage is that the VUV process is very simple and no oxidants or 
catalysts need to be added. Therefore the teim “auxiliary oxidant” for water seems to be 
legitimate since the oxidative decomposition of organic substances is in most cases caused by 
the formation of HO’ radicals. The formation rate of tliese HO’ radicals depends on the 
absolution coefficient of the water (see Figure 3-20), the intensity of tlie iiTadiation, the
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wavelength of radiation and the quantum yield of the photolysis at the specific wavelength 
[HEIT 1997, LEGRINI et aL 1993]. Common light sources for this process are “ozone- 
producing” low pressuie mercury lamps (emitting radiation at 185 nm) and Xe excimer lamps 
(emitting radiation at 172 nm) [BOLTON 2001].
\
ICOQ 1700 1*00
Figure 3-20 Molai* absoiption coefficient of triply-distilled 
liquid water 
[WEEKS e? a/. 1963]
The homolysis of water molecules leads to the foimation of hydrogen atoms and HO’ radicals 
as major primary species. The fomiation of hydrated elections ( e “aq) plays a subordinate role 
due to the significantly lower quantum yield for this reaction pathway [HEIT et al. 1998].
H2O + hv (X<190 nm) H* + HO'
H2O + /iv(X<190nm) fiT + HO' + e aq
(<I>172 ~ 0.42)
(d>i72 » 0.05)
Eqn. 3-28
Eqn. 3-29
According to Heit the primarily fomied radicals HO* and H* can combine to foim water or 
molecular hydrogen, but they are also able to react to foim hydrogen peroxide (H2O2). 
Hydrogen atoms are immediately transformed into hydroperoxyl radicals (HO2*) by fast 
reaction with dissolved molecular oxygen. In subsequent reactions, molecular oxygen can be 
formed again [HEiri997b]:
H* + HO* H2O Eqn. 3-30
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H' + H* H2 Eqn. 3-31
HO* + HO* -> H2O2 Eqn. 3-32
H* + 02 —^ HO2* Eqn. 3-33
HO' + HzOz H02* + H20 Eqn. 3-34
H 0 ' + H02* 0 2  + H2 0 Eqn. 3-35
Hydrated electrons are immediately trapped by dissolved molecular oxygen with the 
foimation of superoxide radical anions (O2*') according to the following reaction
e"aq +  ( 0 2 )aq ( 0 2 *‘)aq Eqii. 3 - 3 6
The pKa value of 4.8 of the conjugated acid HO2* implies that the superoxide radical anion is 
a weak base in water [BRAUN et al. 1991].
(Oz'laq + i r  #  HOz" ( p K a =  4.8) Eqn. 3-37
The molar absoiption coefficient of water increases shaiply at wavelengths shorter than 
190 nm as deteimined by Weeks et al in 1963 and illustiated in Figure 3-20. This absoiption 
limits the penetration depth of VUV radiation in aqueous solution to less than 100 pm. Heit, 
for example, measured a penetration depth of 70 pm for a wavelength of A, = 172 nm in water 
[HEIT et al. 1998, HEIT and BRAUN 1997]. Thus, VUV teclniology is not yet applied on a 
large scale as the very low penetration depth of the VUV radiation limits the efficiency of this 
technology in the liquid phase. VUV photolysis of water at 185 nm seems promising for AOP 
applications, since tlie absorption cross-section of water at this wavelength is smaller in 
comparison to that at 172 mn (see Figure 3-20), hence allowing a lai’ger penetration depth up 
to a centimetre for this range of UV radiation as can be seen in Figure 3-21 [KANO et al. 
2003].
Several publications demonstiate tlie technical potential of the VUV photochemically initiated 
oxidative degiadation of pollutants in the gaseous and aqueous phases. In Table 3-11 
examples of its use are summarised to give an overview on existing applications of VUV.
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Figure 3-21 Penetration depth of UV radiation of 185 mn and 254 mn in water
[KANO et a/. 2003]
Table 3-11 Examples of use of VUV light for degradation of organic contaminants
Substance Initial concentration Medium Reference
4-chlorophenol 5 X 10"^  inoFl ultrapure water [JAKOB et al. 1993]
2,4-dichlorophenol 79.5 mg/1 ultrapui’e water [BAUM and OPPENLANDER 1995]
tetrachloroetheiie 0.4 mg/1 [BAUM and 
OPPENLANDER 1995]trichlorotehene 1,2-dichloroethene
103 mg/1 
25 mg/1
gromidwater
chlorinated hydiocar- 
bons, cyanides - industrial wastewater
[OPPENLANDER et al. 
1996]
trichloromethane ca. 26 mg/1 all substances in [OPPENLANDER 
1997, OPPENLANDER 
and BAUM 1995]
1,1,1 -tricliloroetliane ca. 24 mg/1 demineralised water and
trichloroethene ca. 22 mg/1 trichloromethane
tetrachloroetheiie ca. 8 mg/1 additionally in gasphase
4-chlorophenol [OPPENLANDER
2,4-dichlorophenol - ultrapure water 1999, OPPENLANDER
phenol andGLIESE 2000]
nitroglycerme 1200 mg/1
1,2-glycerindinitrate 105 mg/1 industrial wastewater [EGGERS 2002]
1,3-glycerhidinitiate 188 mg/1
tetrahydrofurane 1000 ppm v/v gas phase [BRAUN et al. 2003]
phenol, benzoic acid [WORNER et al. 2003, 
WORNER et al. 2004]dicMoroacetic acid - ultrapur e water2,4-dichlorophenol
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3.3.4 Ozone and the UV/Ozone Process
The application of ozone for drinking water treatment is widely used tlnoughout the world, 
with its main uses being for disinfection and oxidation [MAIER et ah 1983, VON GUNTEN 
2003]. The first teclmical scale application of ozone for drinking water ti*eatment was set up in 
the Netherlands in 1893, followed by the installation of another unit in Nice, France in 1906. 
It is an unstable gas; therefore it must be produced on site where it is required for use. 
[GOTTSCUALK et ah 2000]. Ozone is a blue gas, with a molar mass of 48 g/mol and a 
density of 2.14 kg/m^. The solubility of ozone depends on the water temperature and the 
ozone concentration in the gas phase, hi Table 3-12 below, chemical properties of the oxygen 
variant are listed.
Table 3-12 Chemical properties of ozone
Chemical formula O3
Molai* mass 48 g/mol
Standai-d phase Gas
Colour Blue
Density 2.14 kg/m^
Freezing point -193 °C
Condensation point - 1 1 2  °C
Vapour pressuie 5500 IcPa (-12 °C)
Solubility in water 
O3 (gas phase) 5°C 10°C 15°C 20°C
1.5% 11.1 9.8 8.4 6.4
2 .0 % 14.8 13.0 11.2 8 .6
3.0% 22.2 19.5 16.8 12.9
As ozone has a high oxidant capacity and is electrophilic in nature it is considered to be the 
most appropriate oxidant with which to degrade PAH. It has the ability to react with 
substances both dhectly and indirectly, due to its decomposition into OH radicals. The two 
pathways lead to different oxidation products [BELTRAN et ah 1995, GOTTSCHALK et ah 
2000, VON GUNTEN 2003].
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Figure 3-22 Mechanism of the indirect and direct ozonation
Reactions in which organic compounds are directly oxidised by ozone have slow reaction rate 
constants, lying in the range of kd = 1 .0  -  1 0  ^ M'^ s"^  and are highly selective reactions 
[AIETA et aL 1988]. Hie oxidant will work faster for certain types of aromatic compounds, 
i.e. compounds containing electron supplying substituents such as the hydroxyl group in 
phenols or compounds which are ionised.
A well established reaction mechanism of ozone with organic components is based on the 
electrophilic addition of ozone to double bonds and is generally refened to as Criegee 
mechanism [WICHTERLE 1959]. It is initiated by the fomiation of an ozonide (1), an 
unstable cyclic trioxide, which decomposes into a carbonyl compound (2 ) and a hydroxyhy- 
droperoxide (3). This hydroxyhydroperoxide then slowly decomposes into a carbonyl 
compound (4) and hydrogen peroxide (5) [VON GUNTEN 2003].
Hie role of pH in the reaction is also important as acidic enviromnents in aqueous solution 
give rise to more stable ozone, favouring the direct reaction [MILLER and OLEJNIK 2004]. 
According to Hoigné, hydroxyl radicals form in the case of high pH values, whereas in the 
acidic pH range, the direct reaction with O3 takes place which is highly selective. Hoigné 
states that the direct ozone attacks as well as the radical reaction with *OH happen parallel in 
aqueous solutions. Especially in the case of high pH values, the radicals result from the 
decomposition of ozone into hydroperoxide anions (HOO ) which fomi even more reactive 
hydroxyl radicals which are not very selective.
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Figure 3-23 Reaction of olefines with ozone, Criegee mechanism
(According to Urs von Gunten, 2003)
The research group around von Gunten at the EAWAG, Switzerland, developed a method to 
determine ozone concenti*ation and the concentration of OH radicals, adding the compound 
p-chlorobenzoic acid to the water to be ozonated. This substance does not react witli ozone, 
but with OH radicals due to its two substituents -COOH and -Cl, On the basis of these 
measurements, the authors come to the conclusion that tlie relation between the time 
integrated *0H exposure and the time integrated O3 concentiation remains constant at any 
time during ozonation. [ELOVTTZ and VON GUNTEN 1999], The so-called R^ t concept thus 
makes it possible to predict the paificipation of tree radicals and of the direct ozone attack 
during the complete ozone process for batch and flow reactions.
According to the Criegee mechanism mentioned above, the direct reaction of ozone at the 
aromatic ring happens at that double bond which exhibits the most pronounced double bond 
chai'acter. This character is influenced by substituents at the aiomatic ling and can depend on 
the induction effect on the one hand, i.e. the ability to repel or attiact electrons, and on the so- 
called mesomeric effect on the other hand, i.e. the ability of conjugated double bonds to form 
mesomeric structures [HOIGNÉ 1998].
Kallas et a l calculated rate constants near 1^10^ MoF '^ s^ec"  ^ for ozonolysis -  i.e. the direct 
electrophilic attack -  of antliracene, phenanthrene and pyrene in aqueous solutions, whereas 
these constants are between 10  ^ and 10  ^Mol'^^sec'^ in the case of radical reactions with "OH 
[KALLAS et aL 1996].
Ozonation of PAH in an aqueous solution can lead to various reaction products. According to 
Miller and Olejnik, reaction products can fomi which are more toxic than the starting 
substance [MILLER and OLEJNIK 2004]. Because of the many reactions happening, the 
majority of autliors do not give direct reaction products but only general reaction equations:
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PAH + O3 —> Products
PAH + "OH Products
According to these two equations, the velocity of PAH decomposition can be calculated as 
follows:
dC + 'W  * Eqn. 3-38
In this work, such tests and calculations were not perfoimed owing to the complex 
composition of the ozonated medium (gi’oundwater). Since H2O2 forms in the case of the 
Criegee mechanism as well as in the case of the radical reaction based ozonation, this 
compound was determined during ozonation tests.
Ozone/UV
The UV/O3 process is based on the ultraviolet irradiation of solutions containing ozone. It has 
been used for decades in the destmction of bacteria and vimses, but also for the oxidative 
elimination of toxic or persistent organic substances in water. The solutions are saturated with 
ozone and iiTadiated with UV light (X -  254 mn). In this process, the oxidative degiadation 
rates obseiwed are significantly higher than if the methods aie used sepai ately [GLAZE et a l 
1987]. As with the other degradation processes initiated by OH radicals, a broad range of 
organic substances can be oxidised with Ozone/UV. The practical application is, however, 
limited by the low solubility of ozone m water and also by a lack of mixing, resulting in a 
limitation of material transport.
UV/O3 as an AOP is initiated by the photolysis of ozone, leading to the primary production of 
hydrogen peroxide and thus of hydroxyl radicals [BELTRAN et aL 1995, LEGRINI et at. 
1993]. Therefore it is recognised as both an oxidation process and a photolysis process, 
although more the tonner, as this is where the emphasis of the reaction lies.
O3 + H2O + /iv —> H2O2 + O2 Eqn. 3-39
H2O2 +Av 2 HO" Eqn. 3-40
Based on tliis Kang et al developed a Idnetic model to monitor the U V /O 3 process at the 
optimum condition by measuring the H2O2 concentration continuously. Tliis allowed them to 
determine the incident photon flux (Iq) of the photo reactor, the quantum yields of O 3 and 
H2O2 and to calculate the hydroxyl radical concentration [KANG et aL 2003]. The decay rate 
of ozone is approximately a factor of 1 0 0 0  higher tlian the decay rate of H2O2, which explains 
the notable absence of dissolved ozone due to its direct photolysis.
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The indirect oxidation of organic compounds tlirough the action of ozone involves the 
decomposition of ozone into hydroxyl radicals, reacting rapidly (k = 1 0  ^ -  1 0 ^^  M'  ^ s‘ )^ and 
non-selectively with contaminants. The mechanism of the pathway can be observed in three 
different steps; die initiation step, the radical chain and the temiination step [GOTTSCHALK 
et aL 2000]. The higher the pH, the more rapid the formation of hydroxyl radicals, favouring 
free radical oxidation reactions. This occurs above pH > 8.5 [MASTEN and BUTLER 1986, 
VON GUNTEN 2003]. The reaction rate of moleculai* ozone compared to that of HO* is 
usually 10^-10  ^times slower [MUNTER 2001].
The hydroxide ions in solution initiate ozone decomposition, leading to the fomiation of a 
superoxide anion radical (O2*') and a hydroperoxyl radical (HO2*) in the initiation step [VON 
GUNTEN 2003].
Initiation step O3 4- OH" 0 2 *’+ H0 2 *’ Eqn. 3-41
The hydroperoxyl radical is in an acid-/base equilibrium
HO2* ^  0 2 *‘+H ‘" p k a-4 .8  Eqn. 3-42
If this step is followed by the fomiation of an ozonide anion radical (Os*"), the ozonide anion 
decomposes rapidly into an OH radical upon reaction of the ozone with the superoxide anion 
radical.
0 3  + 0 2 " 0 3 *’+ O2 Eqn. 3-43
H0 3 * H O ' + Oz Eqn. 3-44
HO* + Os HO4* Eqn. 3-45
HO4* O2 +  HO2* Eqn. 3-46
Once the HO4 radical decays into oxygen and the hydroperoxide radical, the chain reaction 
can begin once more. The substances that convert OH radicals into superoxide radicals 
(0 2 *"/H0 2 *) promote the chain reaction, and are known as promoters.
The reaction of some organic and inorganic substances witii OH radicals can yield secondary 
radicals which do not produce H0 2 */0 2 *‘. These scavengers tend to teiiniiiate the chain 
reaction and stop ozone decay [GOTTSCHALK et al. 2000].
Termination step OH* + C0 3 "^ OH" + CO3"" Eqn. 3-47
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OH* + HCO3' ->  OH + HCÜ3* Eqn. 3-48
The reaction can also be terminated when two radicals react:
O H ' +  H O i' O2 + H2O Eqn. 3-49
O3/UV was first developed in the early 70s to deal with the treatment of wastewaters 
containing cyanide [KANG et al. 2003]. Otlier recent applications of ozone include full scale 
decolouration of wastewaters in the textile industiy and reduction of toxicity in effluents from 
the pulp and paper mdustiies as cited by [MUNTER 2001]. Staehelin and Hoigné are 
recognised by some to be pioneers in the investigation of ozone as a disinfectant and the use 
of O3AJV as an AOP. Tliey have earned out many experiments at pilot and teclmical scale, 
within aqueous systems with ozone and iiTadiation with UY light at 254 imi [STAEHELE^ 
and HOIGNÉ 1985]. The process of O3/UV has the ability to oxidise a large range of organic 
compounds including VC and PAH. The following table shows various contaminants 
degraded by ozone and O3/UV [LEGRINI et al. 1993].
Table 3-13 Examples of use of ozone and ozone/UV treatments
contaminant condition C(03) rate constant reference
TCE laboratoiy experiment usmg 
ultrapui'e water
26 mg/1 0.018 min'^ [NAKANOet 
al. 2005]
PCE laboratory experiment using 
groundwater
4.5 mg/min 2.8 X lO'^  s'^ [GLAZE and 
KANG 1988]
fluorene
phenanthi'ene
acenaphthene
laboratoiy experiment usmg 
ultrapui'e water
0.9-17 mg mill ^ very slow
slow
fast
[BELTRAN et 
al. 1995]
benzene laboratory experiment using 2 M'^  s-i [HOIGNÉ and
naphthalene ultrapure water 3000 M‘^  s'* BADER 1983]
phenol laboratoiy experiment using 
ultrapure water
- 18xlO^M'* s'* [HOIGNÉ and 
BADER 1983]
atrazine laboratoiy experiment using 
ultrapure water
3.0 mg/1 24 M'* s'* [SUTYetal.
2003]
MTBE, TEA laboratory experiment using 
synthetic groundwater
70.1 mg/1+ UV - [GUROL and 
LORAENE 
GREG 2003]
carbofuran laboratory experiment usmg 
ultrapui'e water
+ UV 22.8 s'* [BENITEZ et 
al. 2002]
Furtheiinore, medical applications of ozone have been reported. The applications include; 
disinfection, and wound cleansing with improved healing for external ulcers, skin lesions and 
diabetic gangi ene and activation of immunocompetent cells with release of cytokins such as
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interferons for immunodeficiency indications and clnonic forms of hepatitis C and B. It has 
been used as a supportive therapy in cancer patients, Cun*ently investigations into the use of 
ozone as an aesthetic medicine are underway, dealing with skin and hypodemiic structure for 
therapy and skin aging treatments.
3.3.5 The UV/Hydrogen Peroxide Process
The photochemical cleavage of hydrogen peroxide is the simplest method for the production 
of hydroxyl radicals. In principle aqueous solutions of H2O2 absorb light below a wavelength 
of approx. 340 mn (see Figure 3-24). Nevertheless, the exceptionally low molecular 
absoi-ption coefficient of H2O2 at 254 mn (£254 mn = 19 M'  ^ cm'^) limits the HO* yield for 
conventional LP mercury lamps. Therefore, sufficient H2O2 must be added (usually >10 mg/1) 
so that a significant fiaction of the UV between 200 and 300 nm is absorbed. On the other 
hand, when the hydrogen peroxide concentration is too high, it will cause the opposite effect, 
acting as a radical scavenger, thus competing with the pollutant degradation and resulting in 
lower degi-adation rates [EPA 1998, GLAZE et al. 1987, LEGRINI et al. 1993].
Another option is to increase the absorption of radiation by using medium pressure UV lamps 
with a higher output at lower wavelengths. Unfoitunately, this benefit is only achieved with a 
relatively high energy consumption because of radiation emission at wavelengths above 
300 nm, where neither absorption by hydrogen peroxide nor direct photolysis of tlie 
contaminants will occur [ALFANO et al. 2001].
250
IsI
200 -
150 --
190
222 nm s = 94 L(mol cm)'*
X =  254 tun 6 = 19 L(mol cm)'
240 290 340
wavelength in nm
Figure 3-24 Molar absorption coefficient (£) of hydrogen peroxide
[SORENSEN 1996]
The irradiation of H2O2 with ultraviolet light leads to the homolytic split of the 0 -0  bond of 
the H2O2 molecule, with a quantum yield of two HO* radicals formed per quantum of 
radiation absorbed [BAXENDALE 1957].
2 HO* Eqn. 3-50H2O2 + hv (UV)
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H2O2 itself is attacked by tlie HO* radicals generated, Üius initiating an H2O2 décomposition- 
formation cycle and the overall quantum yield becomes one [ANDREOZZI et al. 1999]:
H2O2 + HO* H2O + HO2* k = 3.3x10^M'^s'^ Eqn. 3-51
H0 2 * + H0 2 * H2O2 + O2 k = 2 xlO^M’*s'^  Eqn. 3-52
The rate of photolysis of aqueous hydrogen peroxide was found to be pH dependent and to 
increase under more alkaline conditions. This may be primarily due to the higher molar 
absorption coefficient of the peroxide anion HO2' at 254 nm (see Table 3-14). On tlie other 
hand, hydrogen peroxide is known to decompose by a disproportion reaction (Eqn. 3-53) with 
a maximum rate at the pH of its pKg value (11.6 ) [LEGRINI et al. 1993]:
H2O2 + HO2' H2O + O2 + HO* Eqn. 3-53
Table 3-14 Molar absorption coefficients, theoretical stoichiometiy, and quantum
efficiency of the formation of HO* radicals firom photolysis of H 2 O2  and O 3
e254iun(M‘  ^cm'^) stoichiometry 0  (HO*)
H2O2 18.6 H2O2 2 HO* 0.98
HO2" 240
O 3 3300 3 O3 2 HO* 2.00
If the water contains ingredients with a higher absorption capacity than the H2O2 molecules 
those may act as an inner filter, causing a reduction in efficiency of the UV/H2O2 process. 
Such substances can be organic contaminants and intermediate products fomied during 
degradation, as well as humic substances or nitrate [LEGRINI et al. 1993, SORENSEN and 
SCHINDELE4 1995].
In Chapter 3.1.2 tlie successful use of the UV/H2O2 process for the destruction of PAH was 
discussed. In applications on a commercial scale, degiadation rates of > 95% for vinyl 
chloride and > 99% for PAH could be achieved in the remediation of contaminated 
gi’oundwater with a combination of UV/H2O2 [EPA 1998]. Single tieatment with UV 
inadiation resulted in significantly lower degiadation rates; witli the treatment applying H2O2 
only, no PAH degradation at all could be achieved. Additional examples of use are listed in 
Table 3-15 to illustrate the relevance of tliis technique in cuiTent water treatment practice. 
Also worth mentioning is a water treatment plant in Andijk, the Netherlands, where a 
UV/H2O2 water treatment facility was installed in 2004. The plant is the first of its kind in the 
world and was designed to combine UV disinfection witli UV oxidation. It serves as a barrier 
against microorganisms and micro-pollutants present in the source water (Lake IJssel). The
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installation treats more than 95,000 cubic meties (25 million gallons) of water per day, 
providing drinking water to approximately 500,000 people [KAMP and KRUITHOF 2005, 
KRUITHOF e ta l  2005].
Table 3-15 Applications of the H2O2/UV Teclmology
Contaminant Conditions c (H202) Reference
metlioxyclilor, 
pentaclilorophenol, 
heptaclilor, Aldrin, Lindan, 
hexachlorobenzene
not specified raw water (Hg 
LP lamp)
various concentrations: 
up to 10 mmol/1
[THIEMANN and 
BANDEMER 1988]
naphtlialene ultrapure water (Hg LP lamp) 10 mniol/1 optimum 
initial concentration
[TUHKANEN and 
BELTRAN 1995]
fluorene, phenanthrene, 
acenaphthene
ultrapure water (Hg LP lamp) 10"^  mol/1-10'  ^mol/1 [BELTRAN etal. 
1996]
TOC full scale application: rinse 
water firom semiconductor 
industiy (Hg MP lamps)
53 -1 0 0  ppm [BOYCE and SHONES 
1998]
benzo[a]pyrene, clnysene, 
fluorene
ultrapure water (Hg LP lamp) W  mol/1 -10-^  moI/1 [LEDAKOWICZ et al. 
1999]
acenaphthylene ultrapure water (Hg LP lamp) 10'^  mol/1 [RIVAS etal. 2000]
antliraquinone, acid blue, 
anionic detergents, softening 
agents
synthetic textile wastewater 
(Hg LP lamp)
i cm^  dni'^ [LEDAKOWICZ and 
SOLECKA2000]
MTBE, tBA pilot scale study for drinking 
water treatment (Hg MP 
lamps) using spiked 
groundwater
2 0 -7 0  mg/1 [LEONG et al. 2000]
2,4-dichlorophenoxyacetic 
acid (2,4-D)
ultrapure water (Hg LP and 
Hg MP lamps used)
molar ratio of H2O2 to 
2,4-D; up to 30
[ALFANO et al. 2001]
x-ray contrast media: 
lopentol, lopromid
hospital wastewater (Hg HP 
lamp), batch experiment
H202:CSB -  1:1 [SPREHE et al. 2001]
phenantlnene, pyrene ultrapure water and 
perfluorinated surfactant 
solutions (Hg LP lamp)
10 mmol/1 [AN and CARRYWAY 
2002]
organic-base photoresists, 
phenol, photoresist 
developer
ultrapure water (HgLP lamp, 
Pen-Ray), treatment of 
wastewater fi-om 
semiconductor industry
0.1-2.0% [DENetal. 2002]
geosmin, 2-
methylisobomeol (taste and 
odor control)
Lake Michigan: raw and 
finished water (bench scale: 
Hg LP and Hg MP lamps)
2 and 7 mg/1 [LINDENetal. 2002]
MTBE pilot scale application: 
groundwater and surface 
water (LPHO and Hg MP 
lamps)
molai-ratio ofHaOato 
MTBE: 200:1
[KOMMINENI et al. 
2002]
endocrme disrapting 
chemicals: bisplienol A, 
ethinyl estradiol, 17-b 
estradiol
ultrapure water and river 
water (Hg LP and Hg MP 
lamps used)
15 ppm and 25 ppm [ROSENFELD and 
LINDEN 2003]
pesticides industrial wastewater fi-om 
pesticide production, lab and 
pilot scale (Hg MP lamp)
0.008% v/v optimal 
initial concentration
[KOWALSKA et al. 
2003]
various pesticides surface water in lab and pilot 
scale (Hg MP lamps)
optimal concentration: 
6 mg/1
[STEFAN et al. 2005]
Pilot scale and M l scale applications in bold
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3.3.6 Ozone/Hydrogen Peroxide Process
The ozone/liydrogen peroxide combination is the most widely applied AOP in drinking water 
treatment, because conventional ozonation processes are relatively easily adapted to an AOP 
by the addition of hydrogen peroxide. This accelerates the decomposition of ozone to HO* 
radicals, which is recommended particularly for waters in which ozone is relatively stable, i.e. 
waters with a low organic matter content and high alkalinity [ACERO and VON GUNTEN 
2001].
The addition of hydrogen peroxide to ozone initiates the decomposition cycle of ozone; and 
the reaction continues along an indirect pathway resulting in the formation of HO* radicals. 
The combination of different reaction steps shows that one hydrogen peroxide molecule reacts 
witli two ozone molecules yielding two HO* [DUGUET et al. 1990, GLAZE et al. 1987, 
STAEHELIN and HOIGNÉ 1982]. Staehelin et al. identified the different species such as the 
ozonide ion- radical (Os*") leading to the production of HO*.
H2O2 +  H2O ^  HO2 +H3O+ pK(H202) = n . 6
H O 2 + O 3  HO*+ 02 +  02 *'
O2* + O3 —> O2 + O3*
O3*' + H2O HO* + O2 + OH"
H2O2 + 2 O3 —> 2 HO* + 3 O2 Eqn. 3-54
Furtheiinore they found that the rate of ozone decay increases by a factor of 10 per pH unit. 
Summarising it can be said that the efficiency of the oxidation via radicals depends on the 
concentration of hydrogen peroxide and dissolved ozone, the contaminant concentration and 
its nature and the concentration of radical scavengers such as carbonates and bicaibonates 
[ACERO and VON GUNTEN 2000].
The O3/H2O2 process has also been commercialised with the name of perozone and beside 
various applications in drinking water treatment it is used to remove different organics from 
synthetic water solutions and surface or groundwater. The following table compiles a few 
examples of use.
However, results fiom Beltrân et al (1996) showed that, due to the importance of the direct 
reactions of ozone, for the degradation of PAH the presence of hydrogen peroxide does not 
improve the oxidation rate relative to ozone treatment alone.
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Table 3-16 Examples of use of the treatment method ozone/liydrogen peroxide
Contaminant Conditions c (H2O2) : c (O3) Reference
cliloroethenes, taste and 
odour compounds
laboratoiy experiments 
using groundwater
various mass ratios, 
up to 1.4
[GLAZE et al. 1987]
benzenic compomids 
(o-chloromtrobenzene, 
chlorobenzeiie etc.)
groundwater experiments 
on a pilot scale
3 g/nf : 8 g/m^  
(mass ratio 0.4)
[DUGUET et al. 1990, 
DUGUET etal. 1990]
geosmin,
2 -niethylisobonieol
laboratoiy experiments 
using ultrapui'e water
0.5 mg/1 ; 1 mg/1 
(mass ratio 0.5)
trichloroethene,
tetraclioroethene
laboratory experiments 
using groundwater
up to 5 mg/1 ozone 
(mass ratio 0.4)
trans-1 ,2 -dichloroetliene, 
trichloroethene, 
tetiachoroetliene, 
carbontetracliloride
bench-scale studies using
contaminated
gi'oundwater
various concentrations 
(mass ratio of 0.25,
0.5 and 1.0)
[BELLAMY et al. 
1991]
phenantlnene, 
acenaphthene, fluorene
laboratoiy experiments 
using ultrapui'e water
various concentrations [BELTRAN et al. 
1996]
mineral oil laboratoiy experiments 
using buffered ultrapui'e 
water
H2O2:
2.0 X 10'^  mol/1 
ozone: not specif.
[ANDREOZZI et al. 
2 0 0 0 ]
phenol laboratory experiments 
using ultrapure water
various H2O2 conc. up 
to 500 mmoI/1, ozone 
constantly dosed but 
conc. not specified
[ESPLUGAS et al. 
2 0 0 2 ]
phaiinaceutical 
wastewater containing 
antibiotics
laboratory expei-iments 
with synthetic wastewater
various H2O2 conc. up 
to 1 0 0  mmol/1, ozone 
constantly dosed 
(2.96 g/lh)
[BALCIOGLUand
OETKER2003]
3.3.7 The Ozone/Activated Carbon Process
The interesting combination of ozone and granular activated carbon (GAG) for creating OH 
radicals was discovered and described only recently by Swiss scientists. They discovered that 
a suspension of few milligrams per litie of activated carbon or carbon black added to ozone 
containing water initiated a radical-type chain reaction. The reaction proceeded in the aqueous 
phase causing acceleration in tlie transformation of ozone into *OH-radicals. The authors 
explained tliis phenomenon as being due to the existence of a variety of chemical groups on 
the skeletal carbon hamework of activated carbon or carbon black (see Figure 3-25) and 
proposed the name ^"'Carbozone Process'^ for this new type of AOP [JANS and HOIGNÉ 
1998].
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Figure 3-25 Proposed stnicture of activated carbon and car­
bon black
[SERGIDES e ta l  1987]
Beltrân & Rivas et al. 2002 proposed a pH-dependent mechanism for the ozone decay with 
activated carbon as catalyst. They stated that at pH values less tlian 6 , ozone decomposition in 
the presence of activated caihon is independent of pH but increases at higher pH values. This 
suggests the production of free hydroxyl radicals at pH > 6 , whereas conditions at pH < 6  do 
not lead to radicals. The proposed mechanism for the heterogeneous decomposition surface 
reaction is presented by the following reaction equations [BELTRÂN et al. 2002].
2 < pH < 6:
0 3 +S O3-S
0 3 +S 0 - 8  + O2
0 3 + 0 -S 2 O2 + S
pH > 6:
OH‘ +S <-> OH-S
O3 + OH-S *03-8 + HO*
•O3-S *0 - 8  + O2
Os + 'O-S 02*4-8 + 02
A recently published paper [SÀNCHEZ-POLO and RIVERA-UTRILLA 2003] shows that the 
presence of activated carbon during ozonation of 1,3,6-naphthalenetiisulphonic acid catalysed 
the degradation process of this substance and of tlie TOC removal. During the oxidation of the 
activated carbon by reaction with ozone, the catalytic activity of the carbon decreased. The 
authors stated that this is because of an increase in the number of oxygenated surface groups 
of acidic character (election withdrawmg), reducing the reactive properties of the activated
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carbon. Therefore its reactivity to ozone declines, preventing its decomposition in the aqueous 
phase.
The combination of ozone with catalysts as an AOP is gaining interest from both the research 
community and industiy. Catalysts such as activated cai'bon, alumina, perlite etc. in 
combination with ozone have been tested and full scale systems of heterogeneous catalytic 
ozonation are used in industry for the treatment of leachate and groundwater.
3.3.8 Fenton (HiOi/Fe '^  ^and Photo Fenton Reactions
Fenton Reactions
In 1884 Fenton reported about the oxidative properties of a mixture of hydrogen peroxide and 
feiTous salt and its application for maleic acid oxidation. According to the classic inteipreta- 
tion Fe^  ^ catalyses the hydrogen peroxide decomposition in aqueous solution, leading to the 
formation of a hydroxyl radical [BOSSMANN et a l  1998]:
Fe^  ^+ H2O2 -> Fe^’" + O H '+ HO* Eqn. 3-55
Thereby Fe^  ^oxidizes to Fe^  ^in a few seconds to minutes in the presence of excess hydrogen
peroxide. The rate constant for the reaction of fenous ion with hydrogen peroxide is high (k = 
53-76 M'^ s'^); in a much slower reaction hydrogen peroxide decomposes catalytically by Fe^  ^
(k = 1-2 T 0 '  ^M'  ^s'^) and refonns hydroxyl radicals according to the following reactions:
Fe^  ^+ H2 0 2  ^  H^ + Fe-OOH^"  ^ Eqn. 3-56
Fe-OOH^'" HOz' + Fe^  ^ Eqn. 3-57
Fe^  ^+ H2 0 2  -> Fe^  ^+ OH' + HO* etc. Eqn. 3-58
Thus, it is believed that in most cases contaminant destruction catalyzed by Fenton’s reagent 
is simply a Fe^^/H2 0 2  catalyzed destmction process, and Fenton’s reagent with an excess of 
hydrogen peroxide is essentially a Fe^’^ /H2 0 2  process (known as a Fenton-like reagent). For 
this reason, the fenous iron in Fenton’s reagent can be replaced by the fenic iron 
[GOTTSCHALK et a l 2000].
A review published by Munter cites numerous publications, confiiining that Fenton’s reagent 
is able to destroy contaminants such as phenols, nitrobenzene, and herbicides in aqueous 
solution as well as to reduce COD in municipal wastewater. Due to the fact that iron is a 
highly abundant and non-toxic substance, and hydrogen peroxide is easy to handle and 
environmentally friendly, the use of Fe^^/H2 0 2  for wastewater treatment is very attractive. 
However, it involves the consumption of one molecule of Fe^  ^for each OH radical produced, 
demanding a high concentration of Fe^ "^  [MUNTER 2001].
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Photo-Fenton Reactions
Photo-Fenton reactions are based on the photoreduction of ferric iron and ferric complexes. 
The Fe^ "^  fomied subsequently reacts with hydrogen peroxide m a Fenton’s reaction to 
generate HO* [BOLTON 2001].
Ferric iron Photo-Fenton
Fe^ '^  + HzO + Fe(OH)^^ + H+ Eqn. 3-59
Fe(OH)^^+Av Fe^^+HO* Eqn. 3-60
Fe^  ^+ H2O2 Fe^  ^+ OH' + HO* Eqn. 3-61
The Fe(OH)^^ ion absorbs UV light to about 400 mn and tlie quantum yield of this reaction is 
about 0.15.
Ferric complex Photo-Fenton
Feme iron forms complexes with many organic acids, e.g. oxalic acid, leading to one of the 
most effective tiioxalato complexes which absorbs light to about 500 mn. Its photoreactivity 
was first discovered in 1833 and it was later suggested as a chemical actinometer for light 
intensity measurements. The photolysis of fenioxalate produces fenous iron (free or 
complexed with oxalate), wliich in combmation with hydrogen peroxide provides a 
continuous source of Fenton’s reagent and hydroxyl radicals [ZEPP et al. 1992].
Fe(C2 0 4 )3 '^ + Av Fe^+ + 2.5 C2O /- + CO2 Eqn. 3-62
Fe^'' + H2O2 Fe^^ + OH' + HO* Eqn. 3-63
It could be shown that UV/visible iiTadiation accelerates both Fenton (Fe^^/H202) and Fenton­
like (Fe^VH2 0 2 ) reactions, improving the degradation rates of various organic pollutants such 
as carbofuran, azo dyes and toxic aromatic amines [BENITEZ et al. 2002, NBAMTU et al. 
2005, OLIVEROS et al. 1997]. Further studies were published on the complete mineralization 
of a number of pesticides and 2,4-dichlorophenol by the photo-Fenton process [RUPPERT et 
al. 1993, SUN and PIGNATELLO 1993]. An industrial wastewater contaminated with 2,4- 
and 3,4-xylidine (dimethyl aniline) was efficiently treated under acidic conditions by means 
of a light enhanced Fenton reaction, using a medium pressure mercury lamp [OLIVEROS et 
al. 1997]. The degradation of pollutants and COD in landfill leachate was strongly accelerated 
by the photo-assisted Fenton reaction, in comparison to the dark Fenton reaction [KIM et al. 
1997].
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3.4 Remediation Concepts and Technologies
3.4.1 Source Control Technologies
Teclniologies for soui'ce confrol of pollutants can be classified into in-situ and ex-situ 
applications. During in-situ applications the contaminated medium is treated or the 
contaminant is removed from the contaminated medium without excavating, pumping or 
othei*wise moving the contaminated medium to the surface. Ex-situ technologies require 
excavation, dredging, or other processes to remove the contaminated medium before 
treatment either on or off site.
Source control technologies are designed for the treatment of soil, sediment or solid-matrix 
wastes, i.e. the source of contamination [EPA 2001]. In some cases, complete source 
remediation can only be realised at great cost or over extr emely long time periods. As a result, 
there has been a rise in interest in risk management through plume migration contr ol, ensuring 
that the contaminants do not reach levels at which they may cause a risk.
Plume Migration Control
In general, no source removal or in-situ destruction is required and the treatment can take 
place either above ground as in pump-and-treat or in situ, e.g. intrinsic (bio)remediation or 
semi-passive remediation. The most common method applied for control or remediation of 
contaminated groundwater is the pump-and-treat method in which contaminated groundwater 
is extracted, treated in above ground facilities and re-infiltiated, re-injected or disposed. Time 
fr ames for completion of remediation were often in the range of 1-10 yeais. Major limiting 
factors for pump-and-treat applications are the low solubilities of many contaminants 
(e.g. PAH), the presence of a separate residual phase, and the heterogeneity of the subsurface. 
Furthermore, if pumping ceased, concentrations in the groundwater would often rebound to 
higher levels. It is generally agreed that such results arise from either subsuiface contaminant 
source zones that dissolve only very slowly or sorbed contaminant mass that slowly “bleeds” 
back into the gioundwater tlirough desorption [MACKAY 1998].
In Figui'e 3-26 active, passive and semi-passive procedures for plume migration control are 
depicted. The contaminant source is indicated by the black area. The contaminants witliin the 
plume are indicated by the gi*ey shading. The down-gradient boundary of the plume indicates 
tlie extent to which the contaminants would have migrated at a hypothetical time without any 
form of plume migration conti ol.
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PUMP & TREAT
INTRINSIC (BIO)REMEDIATION
PERMEABLE WALL
FUNNEL & GATE
ARRAY O F UNPUMPED WELLS
Active
Passive
Semi-Passive
Figure 3-26 Alternatives for plume migration control [MACKAY 1998]
Among the so-called passive systems are procedures which benefit from a microbial 
decomposition, like the “No-Action” alternatives: intrinsic (bio)remediation and natural 
attenuation. They refer to natural abiotic or biotic processes reducing or eliminating 
contaminants along the migration pathway. In-situ bioremediation uses the natural bacteria 
present in the soil to treat the contaminated material. To encourage microbial degradation 
within soils, nutrient solutions can be injected into the soil along with dissolved oxygen in the 
event that aerobic conditions are desired.
In passive systems, the extremely long time periods required for this sanitation method are 
accepted. The measures, however, are carried out in such a way that the necessary expenditure 
during the duration of the remediation procedure is very low, so that the total cost and 
environmental effects remain reasonable. This also applies to the semi-passive remediation 
technologies like permeable walls and funnel & gate systems (see Figure 3-27), which can be 
grouped together under the term Permeable Reactive Barriers (PRBs). The term “semi­
passive” is used because the techniques are dimensioned for relatively long maintenance-free 
operation times. According to the Environmental Protection Agency (EPA), PRBs are defined 
as:
“. . .passive in-situ treatment zones of reactive material that degrades or immobilizes 
contaminants as groundwater flows through it. PRBs are installed as permanent, semi­
permanent, or replaceable units across the flow path of a contaminant plume. Natural 
gradients transport contaminants through strategically placed treatment media. The media 
degrade, adsorb, precipitate, or remove chlorinated solvents, metals, radionuclides, and other 
pollutants” [EPA 1999].
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Figure 3-27 Types of permeable reactive barriers
(left drawing: permeable wall; right drawing: funnel & gate system)
Permeable walls (Continuous Reactive Barrier = CRB) are designed in such a way that a 
reactive zone is formed over practically the whole length of the wall. For example, one such 
in-situ reaction zone can be erected between sheet piling either by replacement and re-filling 
of a trench or by bringing in foreign material. For funnel & gate systems only the small part 
of the in-situ wall is used as a permeable reaction zone (gate) while the main part consists of a 
very low permeable funnel, e.g. sheet-piling or diaphragm wall. The most important 
advantage of the funnel & gate principle is that it basically provides the opportunity to 
repeatedly replace the reactor filling. Moreover, in strong heterogeneous aquifer systems it 
offers an efficient use of the reactor filling material [MAZZOLI 1997, TEUTSCH et al. 
1996]. Regarding the reactive materials which come into operation, the following require­
ments become important:
High contaminant attenuation
Good selectivity for target contaminants
Fast reaction rates (e.g. adsorption, dechlorination)
High hydraulic permeability
Long-term stability
Environmental compatibility
Sufficient availability in homogeneous quality
Cost-effectiveness
An overview of reactive materials which are being tested or are already in use for the 
elimination of organic contaminants is presented in Table 3-17. The permeability of the 
reactor material is selected so that it is roughly one-tenth larger than the permeability of the 
natural aquifer, as this allows an effective flow through the reactor [BRUX 1998].
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Table 3-17 Reactive materials targeting organic contaminants [BIRICE et al. 2003]
Baiiier Materials Contaminants Processes Development status
Fe°, Fe“/Al‘’, Fe"/Pd- 
mixtui'es, Fe^/pynte- 
mixture, Fe/Ni
CHC, FCHC, 
chlorinated aromatics
abiotic reductive 
dehalogenation
lab tests, pilot plants,
coimnercial
application
Fe° CHC abiotic reductive 
dehalogenation and 
microbial degiadation 
(methanotlnophic 
bacteria)
lab tests
Zeolites TCE sorption coupled with 
microbial degradation 
(methanothrophic 
bacteria)
lab tests
Zeolites MTBE, CHCI3, TCE sorption lab tests
Surface-modified
zeolites
PCE, PAH soiption lab tests, pilot scale
F e^/surface-modified 
zeolites
PCE soiption, reduction lab tests
Organobentonites TCE, benzene, 
phenols
soiption lab tests
ORC (oxygen 
releasing compounds)
BTEX oxidative degradation, 
microbial
lab tests, field tests
Activated carbon PAH soiption possibly 
coupled with 
microbial degradation
lab tests, pilot plants,
commercial
application
The use of Fe  ^in in-situ reaction walls has recently reached a commercial scale level and has 
been classified by the US Environmental Agency, EPA, as one of the most promising 
sanitation methods. In general, it should be assumed that the reactor constmction required 
here, above all to depths gieater than 10 m, is extremely costly due to the special digging 
teclmiques which are necessary.
Nevertheless, operations and maintenance costs for PRBs are generally lower tlian for pump 
and ti'eat or other active technologies. In fact, a vaiiety of factors may significantly influence 
cost-efficiency (local hydrology, investment costs, and sewage costs). Bürger compared 
conventional pump-and-treat systems with passive remediation systems for hypothetical site 
scenarios in tenns of cost, and found funnel & gate systems to be a cost effective alternative, 
especially at high groundwater flow rates, minor thickness, and high contaminant concentra­
tions [BÜRGER et al. 2003].
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3,4.2 Practical Cases for Funnel & Gate Installations
In the 70s the first conceptual attempts at permeable reactive barriers were developed in the 
USA. Meanwhile there are approximately 50 large or at least pilot scale field applications, 
whose number is steadily glowing; the total number of field projects world-wide has reached 
70 or 80 (status: end of 2002) [BURMEIER et al. 2003]. Also, fewer applications in Australia 
and Japan are well-known. In western Europe there are constructions in Great Britain, 
Denmark, France and Gemiany; Switzerland, Austria and Benelux [BIRKJE et al. 2003].
At the Canadian Forces Base Borden, Ontario, the first fiimiel & gate system was installed 
during the autunm of 1992 [STARR and CHERRY 1994] consisting of a penneable wall for 
the treatment of an artificial contamination of PCE and TCE. Zero-valent iron was chosen as 
reactive material for the degradation of the chlorinated hydrocarbons. The residence time of 
the contaminated water inside the reactive wall was 18 days. By the time tlie water had 
permeated the reactive wall, the concenti ations of TCE and PCE were reduced by more than 
90%. It is remarkable that even after approximately five year s of operation no signs of a 
reduction in the degiadation rate have been detected.
Since the middle of 1994, a field experiment on the in-situ treatment of cliromate and 
chlorinated hydrocarbon (CHC) contaminated groundwater has been conducted at the US 
Coast Guard Station in North Carolina (Elizabeth City). Several bore holes were drilled into 
the ground and filled with a mixture of various iron fillings and coarse sand, hi the down 
gr adient gr oundwater measurement locations, a reduction of the clir omate concentr ation in the 
water from originally 1-3 mg/1 to below the detection limit of 0.01 rng/1 was observed.
In Sunnyvale, California, the first strictly commercial reactor for tlie in-situ decontamination 
of chlorinated hydrocarbons by zero-valent iron was built in February 1995. This reactor was 
designed as a part of an funnel & gate system. To eliminate the local differences in the flow 
velocity caused by heterogeneities, a highly permeable gravel filter was installed at the inflow 
and outflow of the reactive zone [TEUTSCH et al. 1996].
Also in 1995, a funnel & gate pilot system for the treatment of TCE groundwater contamina­
tion was installed in Belfast, Northern Ireland. [JEFFERIS and NORRIS 1998]. However, 
in the 80s, a sceptical attitude towards in-situ teclniologies for soil and groundwater 
remediation prevailed in Germany. It was not until the late 90s that a few pilot PRB projects 
were implemented revealing promising temporary short-term results.
A Research & Development (R&D) network, launched by the German enviromnental 
protection agency, Urnweltbimdesamt (UBA), in 1997 with specifically designed in-situ 
reactors in a semi teclmical scale for different reactive materials was the first approach to 
study the potential of PRBs in a broader scope. The project was called SAFIRA (SAnierungs- 
Forschung In Regional kontaminierten Aquiferen), translating as “remedial research applied 
to regionally contaminated aquifers".
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Hie objective of the project is the development and provision of the necessary technologies 
and methods in order to demonstrate the use of in-situ reaction processes in a model location, 
for example in the Bitterfeld, East Germany region with its extensive groundwater pollution 
by a complex mixture of contaminants (mainly cliloro-organic compounds) [WEISS and 
TEUTSCH 1999],
In 1999, the German Ministry for Education and Reseaiuh (BMBF) set up RUBIN, a large 
scale joint R&D and implementation programme for the “Use of Treatment Walls for Site 
Remediation” in Germany to promote the technical development of full scale PRBs. In 
German RUBIN stands for “Reaktioriswande und -bariieren irn Netzwerkverbund” which 
means ’’reactive wall and barrier projects co-operating in a network”. RUBIN consists of 12 
single projects: 3 projects deal with general issues and problems like profitability of PRBs, 
quality management, monitoring and preliminary examinations, specially focussing on 
elucidating degradation processes. The remaining nine projects deal with the setting up of 
actual PRB constructions [BIRKE et al. 2003, EBERT et al. 2003, GUPTA et al. 2002, 
SCHAD etal. 2003].
A recently published paper [BIRKE et al. 2004] assessed performance characteristics and 
experiences made during the operation of PRBs over the last 8 year's in Germany, Austria and 
Switzerland. Furtlier on Birke reports results at approximately 100 PRB internationally. For 
remediation practice it can be concluded that permeable walls with in-situ reactors which ar'e 
integrated in accessible inspection chambers show promising results because inspection and 
maintenance of the reactor as well as regeneration of the reactive material are easy to 
accomplish, if necessary. Table 3-18 gives an over*view of the PRBs which have been erected 
in Germany between 1998 - 2002. Different zero-valent iron types or activated carbon were 
applied as reactor fillings to treat chlorinated volatile organic carbons and PAH.
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Table 3-18 Ovemew of Penneable Reactive Baiiier (PRB) Installations in Germany 
[BIRKE 2003]
Startup Site Contaminants Status Constmction Reactor filling Total cost 
(€)
May 1998
Edenkoben, 
industrial plant, 
supplier for car 
manufacturers
cVOCs (cis- 
DCE, 1,1,1- 
TCA, TCE, 
PCE)
Pilot-scale F&G, length 30 m, 
depth
approximately 15 
m, 1 gate
Granular ZVI, 2 
chambers, 
vertical flow (up 
and down)
350,000
Febmaiy 2001 Full-scale F&G, length 440 m, 
depth 15 m, 6 gates
1,750,000
June 1998 Rlieine, fonner 
diy cleaner’s
cVOCs (PCE, 
TCE, cis-DCE)
Pilot-scale CRB, overlapping 
boreholes (diameter 
0.9 m) in 1 row, 
length 22.5 m, 
depth 6 m
2 iron types: 
granular ZVI and 
“ iron sponge” 
packed apart in 
sepaiated 
sections
170,000
October 1998 Tübingen, former 
industiial site
cVOCs (TCE, 
cis-DCE)
Full-scale F&G, length 200 m, 
depth 10 m, 3 gates
ZVI, boreholes, 
horizontal flow
600,000
October 1999 Bitterfeld, 
chemical industiy
Chlorobenzenes, 
CHC, phenols
Pilot-scale, 
R&D only
5 shafts equipped 
with steel reactors, 
deptli 24 m
GAC, ZVI, ORC, 
nuti ients, etc.
600,000
Januaiy 2000 Reichenbach an 
der Fils, metal- 
processing 
industry
cVOCs (PCE, 
TCE, cis-DCE)
Full-scale CRB, non­
overlapping 
boreholes in 2 rows, 
lengtli 20 m, depth 
7m
Activated carbon,
specially
conditioned
200,000
Januaiy 2001 Karlsruhe, former 
gas works plant
PAH, VC Full-scale F&G, length 240 m, 
deptli
approximately 17 
m, 8 gates
GAC 4,000,000
August 2001 Denkendorf, 
trading estate
cVOCs, (PCE, 
TCE, TCA, cis- 
DCE, VC)
Full-scale Drain-and-gate, 1 
gate (shaft, depth 6 
m); drainage: length 
approximately 90 m
Activated carbon 600,000
September
2001
Bernau, former 
dry cleaner’s 
(abandoned 
militaiy site)
cVOCs (TCE), 
veiy high con­
centiations in 2 
aquifers
Pilot-scale, 
mainly 
R&D for 
potential 
scale up
Special F&G design 
capturing 2 
contami-nated 
aquifers, closed 
funnel, partly 
operated actively
Granular ZVI, 
microbiology 
and/or palladium 
planned
1,500,000
September
2002
Denkendorf, 
trading estate
Mainly VC is 
targeted
Small
pilot-scale,
treatability/
feasibility
Columns installed 
inside shaft using 
bypass
Pd on zeolites,
molecular
hydiogen
120,000
January 2002 Oberursel,
industiy
cVOCs Full-scale F&G, length 175 m, 
depth 4-17 m,
1 gate
Granular ZVI Not
available
cVOC: chlorinated volatile organic carbons; CHC: chlorinated hydrocarbons, ZVI: zero-valent iron; DCE: dichloroethene; 
TCE: trichloroethene; PCE: perchloroetliene; CRB: continuous reactive banier
3 Literature and Fundamentals 71
Findings emerging from continuous reactive banier projects worldwide indicate that 
umegulated systems which do not influence the natural gioundwater flow may as well operate 
effectively breadthwise, hi tliis case incomplex subsurface conditions as well as unproblem­
atic biogeochemisms have to exist, causing no severe interactions with the reactive material 
and subsequent precipitation which could lead to blockage. It is now known that fun­
nel & gate systems can influence the hydraulics in an unpredictable manner and even 
contemporary measuring methods will not always allow precise deteiinination of this. If the 
great majority of contaminated groundwater does not pass tlirough tlie reactive zone of a PRB 
homogeneously, the purification performance may decrease significantly. In the case of a 
malfunction, normally caused by partial blockage of the reactive material as well as defects or 
deficiencies in the construction (e.g. leakage), tlie investigations required for the detection of 
the cause are very complex and costly, if tliey are possible at all. The lack of options for 
regulation, intervention as well as active repair and regeneration is inlierent in the typical 
funnel & gate principle. Nonetheless there are applications where classic funnel & gate 
systems work as intended and effective remediation is achieved [BIRKE et al. 2004].
The United States hold the leading position in this remediation teclmology with the largest 
number of field applications, but the target values are often inconsistent (e.g. target values for 
the removal of volatile chlorinated hydrocarbons by elemental iron). A comparison of target 
values in Europe and USA often reveals higlier values in the USA than elsewhere. Moreover, 
the target values in North America are often defined within the reactive zone; fiirther 
downsti'eam of the bamers noticeably higher contaminant concentrations were observed in 
some cases.
Overall, it can be concluded tliat in remediation practice there is currently less interest in the 
constioiction of penneable reactive baiiiers in Gennany, mainly as a result of the increasing 
worldwide problems reported fr om the classic fumiel & gate sites. Nonetheless, recently built 
full-scale installations such as the continuous reactive barrier in Willisau, Switzerland and 
the kilometie long “drain-and-gate” purification wall in Munich, Germany, where the 
groundwater flow is chamielled by means of drainage systems, will help to promote the 
establisliment of those techniques. Furtheiinore, they highlight the future trend towards 
continuous reactive baiiier installations. Conventional fimnel & gate installations, without 
monitoring and control facilities, are not favoured anymore in North America and could 
become less important in Europe.
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3.5 The Contaminated Gas Works Site in Karlsruhe/Germany
3.5.1 General Approach to Remediation in the State of Baden-Württemberg
In 1987, the Ministry of Food, Agriculture, Environment and Forestry of the State of Baden- 
Wmftemberg published the “Altlasten-Handbuch” [MINISTERIUM FÜR ERNÂHRUNG 
LANDWIRTSCHAFT UMWELT UND FORSTEN BADEN WÜRTTEMBERG 1987] -  a 
remediation handbook establishing a standardised procedure for the detection and evaluation 
of contaminated sites as well as for the commitment of action priorities. A scheme of the 
stepwise course of action at the contaminated sites is depicted in Figure 3-28. This publication 
outlines the approach for further steps concerning investigation and following remediation at 
the contaminated gas works site in Karlsmhe. For this reason, in the following chapter a brief 
summary of its contents is given.
In a first step, the so-called Historical Investigation takes place. Hereby files, aerial 
photographs, available expertises and analytical data ar e analysed. The surveying of long-time 
staff members is of particular interest. Based on this infomiation as well as on the former use 
of the land, potential contamination of tire subsurface is localised. The main goal of this 
investigation is to surmnarise the curi'ent situation in order to provide the basis for a risk 
assessment.
If the site is under suspicion as being contaminated, an Orientating Investigation will follow. 
Hereby the results of the historical investigation is assessed. The potential hot spots are 
localised and the type of contaminants as well as their quantity are estimated. For the 
investigation, existing wells and manlioles are preferably used. The results of this surwey give 
information about the vertical and areal extent of the contamination.
Upon completion of this phase a Detailed Investigation will analyse the hot spots and their 
vertical and horizontal extent in further detail. Therefore, new measuring points will be 
established to determine chemical and physico-chemical parameters in groundwater and soil, 
hi this phase the attention is turned especially to the constitution of the aquifer and the 
groundwater flow behaviour. The objective of this investigation is to malce the decision 
whether a site has to be classified as being contaminated or not.
In case of a severe contamination further pump experiments and tracer tests will mark the 
beginning of the Remedial Investigation phase. Subsequently the distribution of the 
contaminants in the aquifer will be modelled. After this, various remediation techniques and 
measures of protection will be compared and after analysmg costs and efficiency of the 
alternatives, the remediation method considered the best will be chosen.
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Figure 3-28 Flowchart of the stepwise investigation of contaminated sites 
(according to the guidelines of the “Altlasten-Handbuch”)
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3.5.2 Approach to Remediation at the Gas Works Site in Karlsruhe
At the end of the 1970s the first water and soil samples were taken and analysed for phenols, 
aromatic substances, PAH and cyanides. As a result contaminated soil was excavated and 
disposed at special waste disposal sites. At this time 6,000 tons of coal-tar residues, still 
located in the basement of several production halls and in tar pits, were removed [MAIER et 
al. 1989]. Later on, a survey at the gas works site in Karlsruhe according to the guidelines of 
the above mentioned remediation handbook took place.
Historical Investigation
The “Gaswerk Ost”, a gas production plant in the east of the city of Karlsruhe, Germany, was 
built in 1886. Until the beginning of the 1st World War the storage capacity added up to 
87,700 m  ^of gas, distributed into three gas tanks.
Figure 3-29 Former gas production plant of the city of Karlsruhe
In the 2nd World War 40% of the gas works were destroyed; the operation could be, however, 
provisionally maintained until the end of the war and for a period of time after. From 1949 -  
1963 the new construction and the extension of the facility site up to a capacity of
300,000 m  ^gas/day took place. From the year 1963 onwards the additional gas demand was 
covered by long distance gas supply instead of extensions of the facility. Through consequent 
reorientation to long distance gas supply, the production facilities became dispensable, and 
the gas works of Karlsruhe was shut down in July 1965. Until 1965, during the 79 years of 
operation, 4.3 million tons of coal were consumed to produce 1,700 million m  ^ of gas.
3 Literature and Fundamentals 75
Significant by-products of this coal-gasification process were 3.4 million tons of coke,
160,000 tons of coal-tar, 21,000 tons of benzene and 12,000 tons of ammonia sulphate. 
Without describing in detail, the gas production at the gas works in Karlsruhe can be divided 
into three main steps [MAIER 1989, SCHWEINFURTH 1957]:
• Cooling off the gas with water for separation of tar and liquid ammonia
• Gas scrubbing to reduce the benzene content
• Gas purification for removal of hydrogen sulphide (H2S) and hydrocyanic acid (HCN)
Water Washing Washing Oil “Luxmasse"
Gas Gas
Raw Gas Preliminary 
Purified Raw 
Gas
Town Gas Gas Tank
Consumer
RawBenzene Benzene(engines)
Dest.Tar
Tar Residues and 
Product ResiduesNaphthalene, Indene, Styrene...
Liquid
AmmoniaCoal Chemical Industry
Fe,S Fe[Fe(CN),
Prussian BlueCoke
Fe(OH)
Paper IndustrySulfurConsumer Fertilisers
Apparatus HouseKiln Cleaning House
Tar Precipitator 
Ammonia Washer
Benzene Extraction
Figure 3-30 Purification steps and formed products at the gas works in Karlsruhe
The partition of the production and purification processes in these three sections as depicted 
in Figure 3-30 illustrates, that the section of the “liquid products” contains the main 
risk/hazard with regard to a soil or groundwater contamination. For this reason closer
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attention had to be paid to the suiTounding area of the production facilities during the site 
investigation, as this accrued mobile or viscous products.
Orientating Investigation
hi 1988 samples horn 14 wells and a multitude of measuring points at and around the gas 
works site were taken and investigated in detail for a multitude of parameters. At this time the 
hill extent of tlie contamination of the subsurface soil and the groundwater became evident. 
An area of approximately 90,000 n f  was polluted with substantial concentrations of PAH and 
benzene. The PAH contamination at the gas works site is dominated by acenaphthene (up to 
600 pg/1) being the highest concentrated compound in the plume extending about 400 m 
down-gradient fi'om the site. In addition to the contamination witli PAH from the gas works 
site itself, a vinyl chloride plume originating from up-gi adient of the site resulting from partly 
degiaded clilorinated hydrocai'boiis was detected.
Beside the organic water quality paiameters the inorganic parameters sulphate, ammonia and 
cyanide compounds (e.g. Pmssian Blue) are of interest as “pollution indicators”, since these 
compounds were generated directly at the site. The concentrations of sulphate vary from 
120 to 256 mg/1, depending on the position of tlie well. For ammonia, concentrations between 
0.3 and 7.7 mg/1 could be observed during the sampling of several wells. The highest 
ammonia concentrations were found near the fonner place of the ammonia sulphate 
production. The tmce metals arsenic, cadmium, lead, clnomium, mercury, selenium and zinc 
are of little impoitance during the investigation of fonner gas works sites. In all investigated 
samples the prescriptive limits of the Gennan drinking water ordinance were not exceeded 
with regard to nitrate, nitrite, phosphate and chloride. The highest obsei'ved concentrations of 
nitrate were below 5 mg/1.
Generally, the analysed groundwater samples exliibit a relatively low pH between 6.6 and 6.9 
at 10 °C and are free of oxygen or low in oxygen. The measui ed iron concentrations between 
2 and 3 mg/1 were quite high, as expected in accordance with the low oxygen content; the 
same is true for manganese concentrations between 0.4 and 0.6 mg/1 [MAIER et al. 1989].
Detailed Investigation
Fonner employees from the gas works were intemewed to provide infoiination about 
previous locations of coal tar, benzene, and ammonia production buildings. Using this 
infomiation along with historical maps, additional boreholes were introduced at the site for 
the detailed investigation. The boreholes where the hot spots were suspected are printed in 
bold in Table 3-19.
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Table 3-19 Locations of boreholes at the former Gas works Site
Apparatus House AB 9, AB 11, AB 12, AB 13
Ammonia Water Pit AB 9, AB 12
Tar Fit and Tar Containers AB 8, AB 11, AB 13
Gas Storage Tanks AB 1, AB 2, AB 3
Benzene Production Plants ABIO, AB 14
Former Gas Station and Tanks AB 5, AB 6
Institute for Gas Technology AB7
Building Material and Fireclay Stock AB 15, AB 16
Washing Oil Pit AB4
Cafeteria Cellar filled with coal tar AB 17
The plan view illustrated in Figure 3-31 shows the locations of all boreholes which were 
introduced for the detailed investigation of the contaminated site. Samples were taken from 
those boreholes and then analysed for selected physico-chemical, inorganic and organic 
parameters. The investigation results are summarised in Table 3-20 [MAIER 1990].
It can be seen that high cyanide concentrations were present below the gas storage tanks; 
remarkably high concentrations of 27.5 mg/1 were observed at AB 3. Concentrations of PAH 
reached a maximum of 4.56 pg/1 in the vicinity of the Apparatus House and the Ammonia 
Water Pit (AB 11/12). Generally high DOC values of up to 10.3 mg/1 were measured at the 
site.
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Figure 3-31 Overview of the location of production stations and investigation boreholes on 
the former Karlsruhe gas works site
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Table 3-20 Analytical results from borehole AB 1 to AB 17
ABl
Oxygen mg/1 0.9
Conductivity fiS/cm 953
Chioride mg/1 19
Nitrate mg/1 0.5
Sulfate mg/1 78
Total Cyanide mg/1 0.15
Ammonia mg/1 0.75
Phenol mg/1 1 0.02
Total HC (IR) mg/1 0.15
Calcium mg/1 J171
Magnesia mg/1 17
PAH 1 Pg/I 0.194
CHC (GC) mg/1 <0.001
DOC mg/1 6.3
AB4
2.4
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25
1.0
107
AB5 AB6 AB7 AB8 AB9
0.3 0.4 0.3 1.0 0.5
1104 [1196 * 1063f 1072 1087
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The success of the intended site remediation does not only depend on the type and extent of 
the contamination, but also on the soil type and the composition of the soil layers. Therefore, 
systematic information about geology, mineralogy and hydrogeology of the contaminated area 
was collected and a comprehensive investigation programme including hydraulic and 
geophysical field studies was carried out.
The gas works site is located in the Rhine valley. The aquifer with a thickness of 11 m to 
13 m consists of sandy gravel which is underlain by a clay layer at a depth of 16 m below 
surface. The water table is between 2.4 and 3.1 m below top ground surface and the 
groundwater flow rate from the contaminated and highly permeable site averages to 
approximately 121/s (k value ~ 5-10'  ^ m/s) under natural conditions [SCHAD et al. 2000], 
exhibiting a northwest flow direction towards the river Rhine.
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Meter
Figure 3-32 Soil horizons in the aquifer
Remedial Investigation
Before a decision was made as to which type of remedial action should be realised at the 
former gas works site, different construction techniques were evaluated with regard to their 
applicability at the site.
The exchange of contaminated soil through excavation of the polluted soil and following 
thermal treatment and disposal was not applicable due to the large extent of the contamina­
tion. In addition, the exact location of all of the sources was unclear. Other source decontami­
nation techniques available like containment of the contaminated areas and sealing of the 
surface (insulation of the hot spots) proved to be very costly when applied to such large sites 
and great depth.
Since most of the PAH exhibit low solubility in water, slow contaminant release from the 
sources occurs. Above all the persistence is caused by slow diffusion of the contaminants 
from low permeability areas (where the contaminants have accumulated over decades) and 
resistant adsorption of the contaminants by the aquifer material. Hence it is very cost- 
inefficient to remove them by conventional pump-and-treat methods if realistic operation 
periods of tens of years are considered [TEUTSCH et al. 2001].
As a consequence it was decided to focus remedial activities at this particular site on the 
plume rather than on the sources. In case of bioremediation the above mentioned sorption 
processes would reduce the bioavailability of the organic compounds and lead to long 
remediation times, even for easily biodegradable substances. However, 5 boreholes within the 
contaminated zone were investigated for microorganisms with the ability to degrade the 
contaminants. In all investigated boreholes, living microorganisms were detected, especially
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those able to metabolise BTEX- and PAH (3- and 4-ring) under aerobic conditions. 
Furthennore at all investigated boreholes iron reducing bacteria and with a few exceptions 
denitrifying and sulphate reducing bacteria were detected. For this particular site it was 
concluded that microbial degiadation processes play a minor role in the removal of the 
present contaminants, mainly because of the lack of oxygen or other electron acceptors 
[HAIST-GULDE et a l  1999, WÜRDEMANN et a l 1993].
As described, semi-passive purification systems like funnel & gate installations represent 
suitable measures for plume migiation control. Such a funnel & gate system was then chosen 
for tlie remediation of Hie contaminated site, accepting higher initial investment costs for 
constmcting the reactive baiTier which will be compensated in the long run by lower 
operational costs.
Table 3-21 summarises the costs of several remediation types for the gas works site in 
Kaidsruhe, representing the funnel & gate system as the most cost effective alternative. 
Thereby the total costs were estimated to 6.8 million €, including annual operating costs of 
approximately 50,000 € [BRUX 1998, SCHAD 1996].
Table 3-21 Costs of the different types of remediation considered for Üie contaminated 
gas works site in Kaidsmhe in million € (as at 1996) over 40 yeai*s
Type Investment Cost of Unforeseen Net total
Cost Operation Events
Thennal 17.84 0.10 1.79 19.74
Encapsulation 5.83 2.05 1.59 9.56
Hydraulic 2.86 4.24 0.72 7.82
Funnel & Gate 3^3 2.10 0.87 6.80
3.5.3 The Funnel & Gate System in Karlsruhe
Based on a number of pump tests, flowmeter measuiements in boreholes and a statistical data 
evaluation, a numerical flow model was used to design the funnel & gate system at the site. 
For different hydrologie groundwater flow conditions (direction of flow and hydraulic 
gi adient) the length and the orientation of the fumiel and the number of gates were varied. For 
a funnel & gate system consisting of 240 m fuimel and eight gates, each of them 1.8 m in 
diameter and 12 m high, a total flow rate tlirough all gates of approximately 101/s was 
determined (see Figure 3-33).
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Figure 3-33 Modelled capture area of the funnel & gate system in Karlsruhe
In 1999 several reactor materials were already available for sorption of hydrophobic 
compounds like PAH, the most common being activated carbon. However, due to the high 
amount of dissolved organic carbon (DOC: 4-6 mg/1) of the contaminated groundwater, 
significant competitive adsorption on the GAC surface had to be expected. Therefore a lab 
scale feasibility study for seven different types of activated carbon was conducted, with 
respect to hydraulic properties, abrasion resistance and adsorption capacity for PAH [HAIST- 
GULDE et al. 1999, SCHAD et al. 2000]. For all investigations concerning the adsorption on 
activated carbon groundwater from the site Br 3 (= well No. 3, see Figure 3-31) was used. 
Following from that, two different granular activated carbon types were chosen as reactor 
fillings. Type A (Filtrasorb TL 830) is an irregularly broken carbon, type B (D 43/1) is a 
moulded carbon. Considering the costs for the removal of low concentrations of acenaphthene 
(gate 1,2,7,8) type A and for higher concentrations (gate 3,4,5,6) type B was preferred as 
depicted in Figure 3-34 [SCHULZE and MU1ÎOTTER 2001].
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Figure 3-34 Specific costs for the removal of 1 g Acenaphthene for different 
carbon types depending on the contaminant concentration
For the evaluation of the operation time of a reactor (gate) filling, both qualifying carbons 
were tested in pilot columns at the site. The filters were fed with contaminated groundwater, 
containing high concentrations of PAH (560 pg/1) and benzene (140 pg/1). All contaminants 
could be removed completely during an operation time of 6 months under corresponding 
conditions to the residence time in the later reactors (gates). During the six month column 
testing no significant bacteria growth was detected on the adsorbent.
From the concentration profiles along the columns it was concluded that a specific throughput 
of 18 m  ^ groundwater per kg activated carbon can be expected for the central (highly 
contaminated) part of the plume. A numerical model was then used to predict the break­
through of acenaphthene for different concentrations and durations of regeneration cycles. At 
the centre of the plume with acenaphthene concentrations of 400 to 600 pg/1, regeneration 
cycles of more than five years can be expected, whereas for lower concentrations regeneration 
cycles should reach 15 or more years. As expected, adsorption on activated carbon is not an 
effective treatment to remove the other important contaminant, vinyl chloride.
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Figure 3-35 Calculated duration of regeneration cycles for activated carbon 
Type A for different flow rates at the gates and different inflow 
concenti'ations of acenaphthene 
[SCHAD al. 2000]
In 2000 the pemieable reactive barrier, a classic funnel & gate system, was constmcted. The 
funnel with a length of 240 m and a depth of 17 m is aiTanged perpendicular* to the 
groundwater flow direction and is interrupted by eight 2 rn diameter, activated carbon filled 
wells (“gates”), wliich are spaced roughly equidistant. The fumiel consists of metal sheet piles 
that were hammered into the ground in order to prevent damage to nearby buildings and gas 
supply pipelines. The prefabricated 18 rn deep gates (see Figure 3-36) consist of cylindrical 
steel pipes brought down into the ground by means of previously set-up, large borings of
2.5 rn diameter.
The inflow as well as the outflow ar*eas of the cylinders are slotted (Figure 3-36, D) so that the 
groundwater can flow tlirough horizontally. Further, slotted steel plates divide each gate in 
tliree chambers at the volumetric ratio of 10:80:10; the activated carton (GAC) located in the 
main chamber. This division was chosen ah eady at the time of planning in order to present an 
option for an additional purification stage for the removal of VC in the inflow and outflow 
chamber.
3 Literature and Fundamentals 85
Slotted Area
Slotted Area
Figure 3-36 Photographs of the construction of the funnel & gate system in Karlsruhe
(A: sheet piles being hammered into the ground; B&C: prefabricated gate being inserted 
in borehole; D; Down-the-gate view )
Although remedial activities at the site are concentrated on the PAH plume, a complementary 
technology suitable for vinyl chloride removal was planned to be tested in one of the gates, 
due to a reduced adsorption capacity for vinyl chloride of the activated carbon. For this 
application, radiation with highly energetic ultraviolet light will be investigated.
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Already in 2001 a patent was filed by the company aqua concept GmbH Karlsruhe, a.c.k. 
(inventors: Prof. Dr. Dietiich Maier and Dr. Martin Sorensen), describing the process of 
collecting contaminated groundwater with the funnel and gate principle and subsequent 
inadiation of the water with UV light [MAIER and SORENSEN 2001].
In order to protect the GAC fiom atmospheric oxygen, originally the GAC in the main 
chamber did not reach the groundwater surface. Therefore a sealed steel sheet below the 
groundwater surface was inserted to avoid the overflow of the activated carbon filling and 
leave the gioundwater untieated. The ground in front of and behind the actual gate was filled 
with pea gravel which seiwes as a filter medium and homogenises Hie flow through the gates. 
The free space between the gates and the adjacent funnel segments was sealed against 
bypassing gioundwater with bentonite. Tlie groundwater flow rate through all gates was 
calculated by numeric modelling as 10 - 12 1/s [SCHAD et at. 2000, SCHULZE et at. 2000].
After the onset of operation in spring 2001, tlie Stadtwerke Kaiisiuhe staff still measured 
contaminant concenti’ations above the target value in the effluent of the gates. By means of an 
intensive investigation progiamme (flowmeter measurements, testing of the bentonite sealing, 
testing of the adsorption capacity of the GAC) overflow above the activated carbon column 
was eventually identified as being the cause for untreated groundwater getting into the 
effluent of the gates [EGGERS 2003, KÜHLERS 2006].
3.5.4 UV Pre-Investigations
Laboratory experiments investigating the effect of UV irradiation using groundwater from the 
contaminated site showed that a decontamination was possible during a radiation time of two 
minutes [MAIER et at, 2000]. The initial concentration of PAH (sum of 16 EPA-PAH) of 
132 pg/1 could be reduced to 0.24 gg/l, coiresponding to a reduction of 99.8% of the PAH. 
The major constituent in the untreated water was represented by acenaphthene with a 
concentration of 130 pg/1. In the treated water acenaphthene was the only constituent 
detectable. For the VC concentration a reduction of 100% from 58 pg/1 below detection limit 
of 0.05 pg/1 was possible. Tlie radiation process was carried out using an Enviolet®-UV- 
Oxidation reactor {aqua concept GmbH). As a result of the findings, a simulation of the in- 
situ gioundwater inadiation was earned out in a stainless steel water tank [MAIER et al. 
2002, MAIER and MAIER 2001]. The water passed a series of UV lamps arranged 
perpendicular to the flow direction with a distance of 12.5 cm between each UV lamp. The 
flow velocity was adjusted to v — 0.2 m/li, consistent with the hydraulic properties of the 
aquifer at the gas works site. The UV lamps emitted light at 185 mn and 254 mn (electric 
input of 40 W). The scheme of the pilot-scale equipment for the UV radiation tank is depicted 
in Figure 3-37.
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Figure 3-37 Pilot scale equipment for UV radiation
The tank was fed with a water volume of 16 1/h abstracted from the groundwater of the gas 
works site over a period of three months. The initial PAH concentrations (sum of 16 EPA- 
PAH) of 8.7 -  18.6 pg/1 (approx. 95% represented by acenaphthene) and VC concentrations 
of 23 -  72 pg/1 were reduced by UV radiation to an average of more than 80% for both 
contaminant classes as depicted in
Figure 3-38. The inflow concentrations and the concentrations after UV treatment in the pilot 
scale reactor for the individual PAH acenaphthene, acenaphthylene, naphthalene, anthracene 
and pyrene are shown in Figure 3-39. These results gave rise to the need for further 
investigations to prove whether the application of UV irradiation is a suitable technology for 
the in-situ remediation of groundwater contaminated with multiple organic constituents such 
as PAH and VC. Based on these promising results it was decided to start a PhD project within 
the scope of the remedial investigation.
3 Literature and Fundamentals 88
100 1
90
80
6770 ■—55 ■Ç  60
5  50 -1O IE 40 - 12 I30 ■1
20 -1
10 -4
0 -LI
“ 84 87 87 86 85
79 7! 8280 7 9 Ü  8 ÿ !
■  16 E PA- P AH 
□  Vinylchloride
1 2 3 4 5 6 7 8 9 10 11 12 13
sam ple number
Figure 3-38 Removal rates of PAH and VC in the pilot-scale equipment 
[MAIER and MAIER 2001]
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Figure 3-39 Removal rates of individual PAH in the pilot-scale UV oxidation equipment 
[MAIER and MAIER 2001]
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4 Methods and Applications
4.1 Measurement Methods
4.1.1 Electrode Measurements
4.1.1.1 Oxygen
For the deteiinination of the oxygen concenti'ation during laboratory irradiation experiments 
an amperometric WTW {Wissenschaftlich Technische Werhtâtten) D702 electrode was used. 
The measurement is based on the two electrode principle using a gold cathode and a 
polarisation voltage. The measurement range was 0-20 mg/1 oxygen with an accuracy of ± 1% 
of the measured value. The electrode installed within the closed loop system was a WTW D 
702 connected to a WTW Oxi 296 instrument.
During the field investigations the oxygen concentiation was measur ed using a WTW CellOx 
325 electrode and an Oxi 325 oximeter device measuring in the range of 0-50 mg/1.
4.1.1.2 pH and Redox Potential
Laboratory experiments were canied out using a microprocessor regulator for potentiometric 
measurements Type PR 12 (Dr. A. Kuntze, Düsseldorf). For the pH measurement a single-rod 
measuring cell L9080, triple ceramic-diaphragm, -30 - +80 °C (Schott) was used. The 
calibration was caiiied out on the day of use and performed using WTW teclinical buffer 
solutions at pH 7 and pH 4.
The redox value during the iiTadiation experiments was detennined with a Schott 9828/92 
electrode (Pt-reference electrode), using the same microprocessor as that of the pH 
measurements. The calibration was checked by the redox calibration solution RH 28 
(Potassium hexacyano ferrate) produced by WTW.
The pH in the field experiments was measured using a SenTix 81 electrode, and the redox 
using a SenTix ORP. For both sets of measurements a WTW 340i instrument was used to 
record the results.
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4.1.2 Photometric Methods
4.1.2.1 Turbidity
Figure 4-1 Nephelometric 
Turbidity Unit
The turbidity was measured by means of a 
nephelometric method according to ISO 7027:1990 
[NORMENAUSSCHUSS WASSERWESEN 1997] 
using a Hach 2110 P turbidity meter (Hach, Struers, 
Erkrath, Germany). The turbidity was determined 
from the intensity of the light scattered in a 90° 
angle against the beam of light in two ranges from 
0-9.99 NTU (Nephelometric Turbidity Units) and 
0-99.9 NTU with the measured value having an 
accuracy of ± 2%. For the determination, 15 ml of 
the aqueous sample was required. The system was 
calibrated with Gelex-secondary standards.
4.1.2.2 Iron Determination (Fe V Fe ^
The determination of iron was carried out using a photometric method adapted from the 
German standard method DIN 38406 E-1. The method is based on the formation of a red 
bathophenanthroline complex in the presence of iron (For full method and calibration see 
Appendix A).
The samples to be measured for total iron were acidified with 30% HCl (0.5 ml of acid per 
50 ml of sample), whilst those measured for Fe^  ^were filtered first, followed by acidification. 
They were then left overnight and measured the next day. The values for Fe^  ^ were then 
calculated by subtracting the Fe^  ^values from the respective total iron values.
The appropriate sample volume was taken and placed into a 50 ml volumetric flask. Added to 
this was 0.5 ml hydroxyl ammonium hydrochloride 10% solution, 1 ml Na acetate 10% 
solution and 1 ml bathophenanthroline 0.08% solution. Using deionised water, the volumetric 
flask was then filled up to the mark. A blank was prepared using the same method, but 
replacing the sample volume with a volume of deionised water. The prepared sample was then 
placed into a 5 cm quartz cuvette and measured in a Dr Lange 5000 spectrophotometer 
(photograph see next page).
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4.1.2.3 Ozone Determination in Aqueous Solutions
The photometric determination of ozone was 
carried out according to the German standard 
Indigo Method [DIN 38408 1993]. The method is 
based on a colour bleaching of the added indigo 
reagent. Therefore, it can be used for highly 
concentrated ozonated water which was produced 
for use in the laboratory experiments. The samples 
were measured against air at a wavelength of 
600 nm, using a Dr Lange 5000 spectrophoto­
meter.
Figure 4-2 Dr Lange 5000 
spectrophotometer
Preparation o f solutions
• Indigo stock solution:
500 ml of deionised water and 1 ml of concentrated phosphoric acid (ri= 1.70 g/ml) were 
placed into a 1000 ml volumetric flask. 770 mg of potassium indigo trisulfonate was then 
dissolved in the solution and the flask wa filled up to the mark using deionised water. This 
solution was stored in the refrigerator and in the dark for ca. 4 months. It was disposed of 
when the quotient of absorption/length of the cuvette was smaller than 0.16 cm‘*
• Reagent II
For reagent II, a 1:10 dilution of the prepared Indigo stock solution was made up using 
deionised water.
Reference A
10 ml of Indigo reagent II were placed into a 100 ml volumetric flask. This solution was then 
filled up to the mark with deionised water or groundwater depending on the source of the 
samples to be determined. This solution was used as a reference value for the experiment.
Measurement B
The sample volume was adjusted according to its concentration of ozone. For highly ozonated 
water, 1 ml of sample was used plus 10 ml reagent II. For the determination of lower 
concentrations, the sample volume was chosen between 10-40 ml in order to see the 
bleaching. This was then accounted for in the equation for the calculation of the ozone 
concentration.
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Calculation o f Oj concentration:
Eqn. 4-1
Where the variables are:
c
Aa
Ab
/
Kma
S
Vp
Ozone concentration in mg/1
Absorption value of Indigo reference solution (reference A)
Absorption value of sample
Calibration factor, 2.4 mg cm/1
Volume of volumetric flasks A and B in ml
Cuvette thickness in cm
Sample volume in ml
4.1.2.4 UV S p ec tra
During the course of radiation, at given sampling intervals, UV spectra of the samples taken 
were measured. This was done with both filtered and unfiltered samples. The filtering was 
carried out using a syringe and 0.45 pm membrane filters, Rotilabo Spritzenfilter CME 
purchased from Roth. The determination of the UV spectra was carried out using a UV-VIS 
Spectral photometer Specord 200, manufactured by “Analytik Jena”. This device consists of 2
channels, where the sample is measured against a 
deionised water blank. The spectra of the samples 
were recorded between 190-450 nm, in 2 nm 
steps. A flow through measuring quartz glass 
cuvette was used to contain the sample, which had 
a 5 cm optical length. Measurements up to 320 nm 
were taken using a deuterium lamp and values at 
320 nm and beyond this were done with a tungsten 
lamp.Figure 4-3 UV-VIS Spectral Photometer Specord
4.1.2.5 S p ec tra l A bso rp tion  C oefficien t a n d  S p ec tra l A tten u a tio n  C oefficient
The spectral absorption coefficient (SAK254) in m '\ i.e. the absorption of UV light at a wave 
length of 254 nm, was determined according to DIN 38 404-C3 [NORM ENAUSSCHUSS 
W ASSERW ESEN 1997]. It is an indicator of the presence of dissolved organic substances 
with free electon pairs or Tc-electrons in water without a specification of compounds. The 
absorbance value was obtained from the filtered recorded UV spectra, which uses a 5 cm 
cuvette, thus the absorbance in m'  ^ was obtained by multiplying the value by a factor of 20.
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The spectral attenuation coefficient (SSK254), considering the attenuation of light by 
suspended solids (turbidity), was detennined using the absoiption data from the unfiltered 
sample at 254 mn.
4.1.2.6 Determination of Molar Absorption Coefficients (e) at 254 nm
Wlien light passes tlirough the measuring cell, an amount of radiation, , is absorbed (see
chapter 3.2.1). According to tlie Beer Lambert Law, for diluted solutions, the absorption is 
proportional to the concentration of the dissolved substance (c) in mol/1, the molar absorption 
coefficient (c) in 1/mol-cm and the thickness of the cuvette (d) in cm being used. Iq is the 
intensity of the incident light, I is the intensity of the ti ansmitted light.
Aj^  = log/o / 1 = d Eqn. 4-2
Thiee different concenti'ations of tlie PAH substances were prepared (see Table 4-1). The 
spectra of each solution were recorded and 8 was calculated using Hie absorption at 254 nm 
for a given concentration. Deionised water was used as the solvent for vinyl chloride and 11- 
heptane used for the remaining compounds.
Table 4-1 Concentrations for the deteiinination of molai* absorption coefficients
c [mmol/1]
name of PAH 
Naphthalene
1
0.0501
2
0,0251
3
0.0075
solvent
n-heptane
Acenaphthene 0.1000 0.0502 0.0251 n-heptane
Acenaphthylene 0.0812 0.0406 0.0203 n-heptane
Fluorene 0.0100 0.0050 0.0025 n-heptane
Pyrene 0.0201 0.0101 0.0050 n-heptane
Fluoranthene 0.0100 0.0060 0.0020 n-heptane
Benzene 1.0100 0.6080 0.2030 n-heptane
Vinyl chloride 0.2670 0.1070 0.0534 ultrapure water
4.1.3 Biological Test: /^/à/v'àjÎj'Aer/Assay
The Vibrio fisheri tests were canied out according to the Geiinan standard methods for the 
examination of water and waste water [Noimenausschuss Wasserwesen 1997]. The test using 
the Vibrio fisheri assay is based on the ability of the test organisms to produce biolumines­
cence. The toxicity was measured by the reduction of the bioluminescence of Vibrio fisheri 
after 30 min contact time with the tested solution at a temperature of 15 °C and at pH 7. The 
niaiine bacteria were first suspended in a common salt solution (= blank), and the solution to 
be tested was added to this solution in a concentiation of 50%.
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4.1.4 Analytical Methods
4.1.4.1 Polynuclear Aromatic Hydrocarbons (PAH)
The measurements for the determination of PAH were carried out by the TZW (Technolo- 
giezentrum Wasser). For the extraction of the sample 1 litre was required. This high volume 
was not always available; in this case 100 ml samples were withdrawn and diluted 1:10 with 
tap water. Then the water samples were pre-treated with a liquid/liquid extraction method and 
measured by gas chromatography coupled with a mass spectrometer.
Procedure
In a 1 litre brown glass flask, 1000 g of the water sample was mixed with 10 pi of an internal 
standard of PAH (Ehrenstorfer PAH Mix 9, 10 ng/1, deuterium compound standard). To this, 
20 ml of cyclohexane was added and stirred with a bar magnet at 800 rpm for 30 minutes. 
After 2 hours the mixture was then separated. The extract was separated off using a micro­
separator, which was followed by drying over anhydrous sodium sulphate, to remove the
water residual. Then the sample was concentrated in a nitrogen flow to ca. 1 ml.
After the clean-up the cyclohexane flowed directly into 50 ml glass tubes produced by 
Zymark. Then, the solvent was decreased to 150 pi with the “turbovap” (waterbath 30°C, 
pressure 0.2 bar nitrogen) and transferred to 200 pi vials, using a Pasteur pipette.
The separation of the PAH took place in a GC- 
system, known as the Auto System XL
manufactured by Perkin Elmer, Norwalk CT
USA. With this method, a detection limit of 
10 ng/1 can be reached for each individual 
substance by using the following conditions:T
■ 1 ■-nmtmmtrn
Figure 4-4 
Injection:
Column:
Perkin Elmer GC system
Carrier gas:
syringe capacity 5.0 pi
sample volume 1.0 pi
Capillary GC column I + W, DB-5
5%-Polysilarylene, 95%-Polydimethylsiloxane
Length: 30 m, ID: 0.25 mm, film thickness: 0.25 pm
Helium
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Temperature progiamme: Initial Temperature: 70 °C, hold 1 minute
Ramp 1: 8 °C/min to 130 °C, no hold
Ramp 2: 6 °C/min to 300 °C, hold for 4 minutes
Total run time: 40.83 min
The detection was perfonned using a PerJdn Elmer TurboMass mass specti'ometer with an 
Electron hnpact (El) ionisation source. The retention times and detection masses are compiled 
in the following table:
Table 4-2 Retention times and detection masses for PAH
PAH _______
naphthalene
Detection mass 
128.08
Retention time (min) 
7.130
acenaphthylene 152.04 11.660
acenaphthene 153.11 12.290
fluorene 166.11 14.030
phenanthrene 178.08 17.460
anthracene 178.08 17.620
fluoranthene 202.09 21.970
pyi*ene 202.09 22.760
4.1.4.2 Vinyl Chloride, Benzene
The measurements for the detennination of benzene and VC were canied out by the TZW 
(Technologiezentrum Wasser). Samples for vinyl chloride and benzene were taken using 
100 ml glass bottles witli glass stoppers. The sample bottles were filled to the top in order to 
ensure no loss of volatile compounds fiom the sample. Vinyl chloride and benzene were 
separated using a purge & trap teclmique, followed by gas cliromatography, and were then 
detected using mass spectrometry.
Purge & trap system
10 ml of the aqueous sample was placed into a 20 ml auto sampler vial. For quality assurance, 
tiiclilorobromomethane (c = 3.216 ng/pl) was used as an internal standard. 1 pi of this 
standard was added to the vial which was tlien closed and placed into the auto sampler, ready 
for measuring.
The measurement was perfomied using a system consisting of a purge & tiap unit, a gas 
chromatograph and a mass spectrometer.
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Purge & trap system (PTA 3000): absorption material
Valve temperature 
Sample temperature 
Trap cooling temperature 
Sample volume 
Purge time 
Desorbing time
Gas chromatograph: (Trace GC, ThermoFinnigan)
Mass spectrometer (quadruple mass spectrometer ThermoFinnigan DSQ)
Ion source temperature: 220 °C
Injection:
Column:
Tenax M8T-08 
125 °C 
35 °C
-65 °C using CO2 
1 0  ml 
15 min 
7 min
purge & trap
RTX 624 (Restek) Length 30 m, ID 
0.32 mm, DF 1.8
Temperature programme: 40 °C
25 T/m in 
10 "C/min 
2 2 0  °C
21.4 min 
Helium 
2 0  ml/min 
80 ml/min
2  min
up to 1 0 0  ®C 
up to 2 2 0  ®C 
5 min
Measming time: 
Cairier gas: 
Purge flow: 
Back flush:
4.1.4.3 TOC (Total Organic Carbon) Measurement
The measuiements for the deteiinination of PAH were canied out by the DOC Labor Huber, 
Karlsruhe.
LC-OCD stands for Liquid Chromatography -  Organic Caibon Detection. First, Natural 
Organic Matter (NOM) in water samples was firactionated by a liquid chromatographic 
process (LC) and then recorded by Organic Caibon Detection (OCD). The cliromatography 
used was a size exclusion clnomatography (SEC) using the difference in speed of diffusion 
for smaller and larger molecules. The stationary phase was a packing of porous beads wliich
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allowed smaller molecules to diffuse into tlie bead interior. As a consequence, large molecules 
tr avel faster than smaller molecules.
The very heart of the OCD is the so-called Graentzel thin fihn reactor. Oxidation was carried 
out in a thin liquid film. Tins allowed the exclusive use of the extremely strong 185 inn 
vacuum UV -wavelength emitted by the low-pressure mercury lamp. Oxygen radicals 
necessary for the conversion of TOC to carbon dioxide were produced fiom homolysis of 
water, so no oxidants were used. The carbon dioxide released in this process was quantified 
by liigh-sensitivity, non-dispersive infi ared spectroscopy (NDIR).
The thin-fihn reactor performed all four steps of TOC analysis (acidification, purge of 
’’inorganic” carbon dioxide, oxidation and purge of “organic” carbon dioxide) almost 
simultaneously.
The liquid was evenly distributed around the irnier surface of a vertical glass cylinder. The 
liquid film with a thickness of about 100-500 pin was fiilly penetrated by the 185 nm 
wavelengtli (50% absorption in ultrapure water at about 500 pin), hi order to ensure an even 
liquid film and to ensure a high turbulence for the rapid expel of carbon dioxide, a slightly 
smaller, fused silica glass cylinder rotated at a high speed inside the outer cylinder. The low 
pressure mercury lamp was placed in tlie amiular* axis of both cylinders. The canier gas 
(nitrogen) entered the reactor at the upper third of the outer cylinder. The flow was split, 
purging of “inorganic” carbon was perfomied by an upward flow where the reactor was 
protected against UV light. Purging of “organic” carbon was perfonned by a flow along the 
UV-exposed area.
Liquid flow: Two liquids, the measuring solution (a mild phosphate buffer containing the 
analyte) and the acidification solution (for converting carbonates to carbonic acid) enter the 
reactor at the top where they get mixed thoroughly. The residence time of the liquid in the 
UV-protected area was about 20 seconds. The liquid continued its gravity-driven way down 
the reactor and entered the UV-exposed area. The residence time in the UV-exposed area of 
the reactor was about 60 seconds.
4.1.4.4 Fluorometric Détermination of H2O2 and Organic Peroxides
The fluorescence analyser (AL2002, see Figure 4-5) used for the continuous deteiinination of 
H2O2 and organic peroxides is coimnercially available from "Aero-Laser\
The detection of peroxides is based on the liquid phase reaction of peroxides with p- 
hydroxyphenyl acetic acid catalysed by the enzyme peroxidase. The reaction produces a 
fluorescent dimer (see Figure 4-6) which can be excited at 326 nm and detected between 
400 and 420 nm. The teclmique is sensitive to all peroxides in the solution [SCHICK et al. 
1997, VDI2468 1995].
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Figure 4-5 Hydrogen peroxide analyser
CH2COOH CH2COOH ÇH2COOH
1 1 1
OH
p-hydroxy-phenyl- 
acetic acid
+ H fi, Peroxidase 1 1  
OH OH
6,6'-dihydroxy-3,3'- 
biphenyl-diacetic acid
+ 2 H2O
Figure 4-6 Formation of the fluorescent dimer catalysed by peroxidase
The concentration of the dimer was continually measured by the analyser. The reagent 
solution was buffered and kept the reaction mixture in a pH range suitable for the enzymatic 
reaction (pH ~ 6 ). To prevent any disturbances caused by metal ions, the solution also 
contained EDTA. After completion of the reaction, NaOH was added to increase the pH of the 
solution to above 10. This was done to achieve maximum quantum yield of the fluores- 
cence.The reaction product was excited with UV light of an intensity stabilised Cd-Lamp at 
326 nm and determined by the fluorescence at 400-420 nm [AERO-LASER GMBH 1992].
The calibration function of the measuring procedure is linear over the applied concentration 
range from 10"^ -10"^  mol/1. The calibration with hydrogen peroxide could be defined by the 
user within the ranges: 0-0.30, 0-3.0 and 0-30 mg/1. The detection limit for this method was 
determined to be 2.0 pg/1 hydrogen peroxide according to DIN 32645.
Chemicals and solutions used:
• potassium hydrogen phthalate (C8H5KO4)
• p-hydroxyphenyl acetic acid (CgHgOg)
• peroxidase (horseradish peroxidase)
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• sodium hydroxide solution, 1 mol/1
• hydrocliloric acid solution, 1 mol/1
• hydrogen peroxide solution 30% (H2O2)
• cerium(IV)sulphate solution, 0.1 mol/1, 1 ml = 0.014012 g Cerium
• sulphuric acid 10% (H2SO4)
• fenoin solution (1,10-phenantlirolin-Iron(II)-sulphate)
• sodium ethylenediaminotetraacetic acid dihydrate (EDTA Na2)
Potassium hydrogen phthalate buffer solution ( -  KHP buffer solution):
8.2 g KHP were dissolved with 36 ml of NaOH solution (1 mol/1) in a 1 litre measuring flask, 
wliich was then topped up with ultiapure water. The pH value of tlie solution should be 
between 5.8 and 6.9. If tliis was not tlie case, the pH value was adjusted by using NaOH or 
HCl. After that, 20 mg of EDTA Na2 were added.
Fluorescence reagent (~ p-hydroxyphenyl acetic acid/peroxidase solution)
In a 1 litre measuring flask, a new solution was prepared from the KHP buffer solution by 
adding 250 mg p-hydroxyphenyl acetic acid and 15 mg peroxidase.
Preparation o f the H2O2 stock solution for calibration:
2 ml of 30% H2O2 were pipetted into a 250 ml measming flask, which was filled with 
demineralised water, producing a H2O2 concentration of ca. 3 g/1 (= solution 1). The exact 
concentration of tlie stock solution was ascertained by titration with 0.1 mol/1 Ce- 
rimii(IV)sulphate solution.
Titration Procedure:
hi a 300 ml Eiienmeyer flask 5 ml of solution 1 were mixed with ca. 80 ml of demineralised 
water. 10 ml of 10% H2SO4 were then added. A ferroin-solution was used as the indicator 
substance for titration, with the colour changing from orange to light blue.
The principle of tlie titration is based on a redox reaction, where Cerimn reduces fi'om +IV to 
+III, and the hydrogen peroxide is oxidised with the oxidation number -I to moleculai' oxygen.
2Ce{SO ,\ + — S = -> C e 2 (S0 4 ) 3  +H^SO^ +0^ Eqn. 4-3
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Calculation:
m(H202) [mg] =1.7 [mg/ml]’^ V(Ce(S0 4 )2) [ml] Eqn. 4-4
The quantity of H2O2 calculated from here is related to the sample volume (5 ml), so the
following is valid: To receive the result in mg/1, m(H202) is divided by 5 ml.
The H2O2 solution (concentiation detennined by titration) was then used to calibrate the
fluorescence analyser (AL2002) in the requested concentration range.
The peroxide data were recorded online in measuring intervals of 30 s, saved as ASCII code 
and imported into the progiamme Excel.
4.1.4.5 Determination of GAC Adsorption Capacity
To compare the adsorption capacity from virgin and preloaded GAC, the iodine number and 
nitrobenzene isothenns were determined.
The iodine number chamcterises the adsorption capacity of activated carbons for small 
molecules and is given in the product specifications of manufacturers. The iodine number was 
determined according to the AWWA standard for granulai* activated carbon [AMERICAN 
WATER WORKS ASSOCIATION 1996].
The nitrobenzene isotherm states the adsoiption capacity of GAC for a well adsorbable 
substance. First, the GAC was diied and pulverised. Following that, various quantities of 
activated carbon were added to 200 ml of nitrobenzene solutions (c = 2.0 mg/1) in demineral­
ised water. These samples were shaken for 24 hours and then filtered over a 0.2 pm 
membrane filter The nitrobenzene concentrations in the filtered solutions were analysed 
photometrically at 267 mn.
4.2 Laboratory UV Irradiation Set-up
4.2.1 Description of the System
For laboratory inadiation experiments a system was designed for this research study wliich 
could be operated either in batch or in circulation mode. The system consisted of a pump, a 
photo reactor, a 10 litie storage tank, several sampling ports and a flow-tlirougli measming 
cell. The parameters wliich were measured witli electrodes comprised oxygen concentration, 
temperature, pH and redox potential (see 4.1.1). The data were recorded every 10 s, 
transferred to a computer as an ASCII file and then imported into Excel. Additionally, the 
concentrations of hydrogen peroxide and organic peroxides were continually determined. The 
temperature of the entire system was controlled by thermostat. All components consisted 
either of glass or Teflon. Figure 4-7 shows a photograph of the iiTadiation system witli the UV 
lamp in service.
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Figure 4-7 Laboratory irradiation system
Figure 4-8 Closed loop irradiation system (left); Measuring section (right)
The amalgam-doped low-pressure mercury lamp with a total length of 860 mm and a diameter 
of 16 mm (for further lamp details see Appendix B) was located inside a cylindrical quartz 
sleeve with an outer diameter of 50 mm. The annular gap between the two cylinders can be 
filled with nitrogen for greater irradiance efficiency. Compared with air, where the fraction of 
oxygen strongly absorbs at 185 nm, nitrogen does not absorb in this region, thus the emission 
in the vacuum-ultraviolet range was entirely available for the decomposition of organic 
compounds.
The reactor which enclosed the lamp had an inner diameter of 80 mm and a total length of 
880 mm. It was made of Duran glass and therefore not transmittable for UV light. The 
volumetric capacity of the reactor with an irradiated layer of 15 mm was calculated as 
2695 ml. Figure 4-9 shows a schematic cross section of the photo reactor.
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Figure 4-9 Schematic cross section of the laboratory photo reactor
4.2.2 Determination of the Volume in the Laboratory Irradiation Set-up
Total volume
As the system consisted of many different components, connected via numerous glass/PTFE 
tubes, it was not possible to determine the total volume volumetrically. Therefore a different 
approach was chosen and applied to the system. 50 ml of an iron standard solution (c = 
1000 mg/1) was added to the set-up. The set-up was then filled up with ultrapure water to a 
marked point. The concentration of iron was then measured (bathophenanthroline method) 
and from this, the total volume was deduced.
Photo reactor volume
The volume was determined by subtracting the volume of the quartz envelope from the 
volume of the outer reactor wall using the following equation:
F = (Æ A). Eqn. 4-5
4.2.3 Residence Time Determination
The flow-through pattern of the photoreaetor was tested experimentally by means of injection 
of a concentrated salt solution. The conductivity was then measured continuously by an 
electrode at the reactor outlet. The residence time in the reactor was determined for the flow
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velocities of 100, 200, 300, 500, 800 and 1000 1/h. A 20 mmol/1 solution of NaHCO] was 
filled into a 70 1 storage tank as can be seen in Figure 4-10 and pumped through the 
photoreaetor.
Valve for flow 
adjustment
Flow meter 1 3-way valve for 
system rinse
computer
r j _
Pump ( %
r \
conductivity
meter
Flow direction
70 L storage tank with NaHCO) 
(20mmol/L) or ultra pure H2O
Figure 4-10 Set-up for the determination of residence time
Conductivity measurements were obtained first from a solution of the salt and then from a 
solution of ultrapure water. These conductivity data from the outlet were plotted over time 
and the point at which the two graphs intercepted each other was the average determined 
residence time.
4.2.4 Photon Flow Determination at 254 nm via Chemical Actinometry
To establish the generated number of photons, uridine actinometry was carried out. The 
circulatory system was filled with demineralised water, then buffered, with the addition of
1.2 ml phosphoric acid (85%) and set to pH 6.5-7 using 0.1 mol/1 sodium hydroxide solution. 
To reach a concentration of ca. 6 pmol/1, 10 ml of 0.01 mol/1 uridine solution was added to 
the storage flask. In order to suppress the influence of radicals produced by irradiation at 185 
nm, the radical scavenger t-butanol (final concentration of 0.1 mol/1) was dosed.
Sample taking took place directly before (= 0 min) and after igniting the UV lamp. Then 
samples were taken in 30 s intervals. The spectra of the samples were taken with the spectral 
photometer. The data evaluation was performed using the absorption maximums (262 nm), 
and the logarithmic values of c/co were plotted against time.
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From the decrease of the regression line, the time, t, until the degradation of one decade (this 
con'esponds to a decay of 90%, i.e. c/co=0.1) was calculated The calculation of the photon 
flow was caiiied out according to Üie equations in section 3.2.3.2.
0.9 * 77 * F~ ^ ----- photons / s Eqn. 4-6
Avogadro constant = Na = 6.022*^10^  ^moF^
Reactor volume = V  =171
Quantum yield for above mentioned reaction (see Fig 3.5) = 0 =  0.019 
Molar absorption coefficient of uridine at 254 nmg =8410 1/mol ^  cm
Pathlength of cuvette = d = 5 cm 
Time for 90% degradation of uridine = t
4.3 Laboratory Experiments
4.3,1 Model Water Experiments
Acenaphthene degradation experiments were performed with acenaphthene solutions in 
deionised water and tap water. Tlnee days before the experiment started, 30 pg of ace­
naphthene were added to 201 of the selected water. The solution was then placed on a 
magnetic stiner and stimed for tlnee days at room temperature, due to the low solubility of 
acenaphthene. The use of organic solvents was not considered because of the competition 
between acenaphthene and TOC for UV liglit. This prepared 20 1 sample was then filtered 
through a Schleicher & Schüll, Schwarzband filter paper and then added to the laboratory 
radiation set-up. Before the official start of the experiment, the solution was pumped through 
the system for 20 minutes. 30 minutes before the lamp was ignited, the annular gap flush 
between the UV lamp and the quartz envelope was started. For this purpose nitrogen was used 
as the flushing gas. Prior to the ignition of the lamp, the zero samples were withdrawn fiom 
the system. The lamp was then ignited, indicating the start of the experiment, which was time 
0. The lamp required 3 minutes of heating up in order to establish a constant photon flow rate. 
After this time the first sample was taken.
For vinyl chloride water experiments, the laboratory radiation system was completely filled 
up with deionised water and sealed gas tight. Assuming standard conditions at room 
temperatur e and pressure, the vinyl chloride was dosed as a gas through a septum, using gas 
tight Hamilton micro litr e glass/PTFE syringes.
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4.3.1.1 By-Prodnct Formation during Irradiation of Acenaphthene
The solution of acenaphthene was prepared in the same way as the model water experiments. 
After filtration the solution was filled into the laboratory radiation system and pumped for 20 
minutes. Samples were then taken in 2 minute inteiwals. For the metabolite sampling, 500 ml 
were extracted and diluted 1:2 with with tap water. The samples were acidified with 1 ml 
concentiated hydrochloric acid (c = 36%). Then tlie extraction was performed using 
dicliloromethane. Measurement was taken using the same GC system as above, but with a 
different temperature programme. Instead of the single ion recording mode (SIR), a full scan 
method was undertaken.
Temperature programme: Initial Temperature: 50 °C, hold 2 minute
Ramp 1: 2 °C/min to 78 °C, no hold
Ramp 2: 5 °C/min to 185 °C, no hold
Ramp 3: 45 °C/min to 300 °C, hold for 5 min
Total lun time: 44.96 min
4.3.2 Groundwater Experiments
The gi'oundwater was withdrawn circa 5 h before the start of the experiment using a 
Grundfoss MP-1 suction pump with a pump rate of approximately 2 1/min. It was pumped 
from 10 m below ground fi'om the influent of the pilot gate which is gate 3 of the funnel & 
gate system. At first water was pumped for at least 15 minutes and was then discarded. The 
water for the experiments was taken when the turbidity was below 2 NTU. The water was 
collected in a 301 canister, filled to the top and brought directly to the laboratoiy. Then it was 
filled into the laboratory radiation system and circulated for 20 minutes. The zero minutes 
sample was then taken. The experiments were perfonned at 20°C, controlled by a thennostat.
hi each experiment samples were taken during the coui'se of the experiment and the following 
parameters were measured:
• PAH, VC and benzene
• Total Organic Carbon (TOC)
• UV spectra
• Turbidity
• Iron concentration
For each experiment, the following parameters were continuously recorded: concentration of 
dissolved oxygen, redox potential, pH value, temperatui e and the concentration of peroxides.
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4.3.2.1 UV Experiments
The experiments were perfonned as described in the model water section. The first inadiated 
sample was taken 3 minutes after igniting the lamp.
The blank for the UV expeiiment was perfonned in the same maimer as above, without 
igniting the lamp. This was done primaiily to accomit for the adsoiption behaviour of PAH to 
glass and the potential loss of volatile compounds such as benzene and vinyl chloride but also 
to distinguish any effect on die measui ements of oxygen, redox etc. brought on by pumping 
alone.
4.3.2.2 UV/Aeration Experiments
Oxygen is the limiting factor for the mineralisation of organic substances, hi order to 
compensate for this deficit, UV experiments also were performed whilst aerating. After the 
groundwater was filled into the system, the pump was started and at the same moment the 
aeration of the water in the storage tank begun by means of a glass frit. The air was sucked 
fi'om the room atmosphere and lead tlirough a furnace with an approximate temperature of 
1000°C, to remove any organic compounds present. The blank experiment was carried out 
with aeration only.
4.3.2.3 UV/Hydrogen Peroxide Experiments
The gi'oundwater was placed into die laboratoi*y radiation set-up. The experiments were 
perfonned with starting concentiations of 10 and 20 mg/1 H2O2, by adding a 30% hydrogen 
peroxide solution. For thorough mixing, this was dosed 10 minutes before the lamp was 
ignited. During the experiment, the hydrogen peroxide concentration was recorded online. 
Directly after the sampling, 100 pi of a catalase suspension were added to the benzene, vinyl 
chloride and PAH samples to destroy the hydrogen peroxide residual. The TOC was measured 
immediately after sampling without adding the catalase. The blaiilc experiment was perfoi*med 
without irradiation and used tlie same hydrogen peroxide concentiations as the above 
mentioned experiment.
Preparation o f the Catalase Suspension:
The catalase suspension was produced in KHP buffer, according to the above mentioned 
hydrogen peroxide method [VDI 2468 1995]. 8.2 g of potassium hydrogen phthalate was put 
into a 11 volumetric flask witli 36 ml NaOH (c = 1 mol/1) and filled up to the mark with 
deionised water. The pH of the solution was adjusted to a value between 5.8 and 6.0, using 
NaOH and HCl. After this 20 mg EDTA Na2 and 0.2 ml of 37% formaldehyde solution were 
added. 1 ml of this catalase suspension (40000-60000 units/mg protein) was mixed with 
100 ml of KHP-buffer solution. The suspension containing 500 units per ml was prepared two 
days before use and stored in tlie fridge.
4 Methods and Applications 107
4.3.2 4 Ozone and Ozone/UV Experiments
The production of ozonated water was done in 
a 10 litre flask, with a magnetic stirrer and a 
glass frit. The ozonation was performed with 
deionised water using an Anseros COM AD-08 
jr L ozone generator. The feed gas was oxygen, the
■’C '  f  generator level was set to 100%, the gas flow
y  was 25 litres per hour and the system was water
cooled.
Figure 4-11 Ozone Generator, Anseros
The water was ozonated until the ozone concentration was approximately 20 mg/1 (ca. 40 
minutes). The concentration of the water was determined using the Indigo method. The 
experiments were carried out with initial concentrations of 4, 6 and 8 mg/1 ozone. The 
calculated amount of groundwater was removed from the reactor and replaced with the 
required amount of ozonated water. This was the starting point of the experiment. During the 
experiment the ozone concentration was monitored, using the same sampling intervals as the 
analytical samples. 2.5 ml/1 sample volume of sodium thiosulphate (c = 0.1 mol/1) was added 
to the analytical samples in order to remove any ozone residual.
4.4 Field Investigations
4.4.1 Description of the Pilot Gate
In this two-step treatment method, an activated carbon stage in the pilot gate (gate 3) was 
preceded by a UV irradiation step. With this method of UV treatment, an oxidative 
degradation of the VC and PAH should be achieved before flowing through the activated 
carbon. At first the contaminated groundwater was mixed in the inflow chamber (volume = 
3250 litres), so that the concentration was uniform over the whole depth of the gate. Special 
UV lamps (120 W, Hg-Low Pressure High Output) were installed in this chamber, distributed 
evenly over the height of the gate. After passing the irradiation zone, the groundwater flowed 
through the activated carbon reactor and was re-circulated purified through the outflow 
chamber into the aquifer. Figure 4-12 gives an overview of the composition and flow 
direction of the pilot gate.
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Figure 4-12 Schematic plan view of gate 3 (pilot gate)
In the area being investigated, the ground has an average hydraulic permeability of 2.0 x 10*^  
m/s. In the contaminated area it can be assumed that the permeability is reduced due to the 
coal tar pollution. Here, the variation of permeability values between 3.1 x 10"* m/s and 
9.0x10'^ m/s were recorded from pumping experiments. The aquifer thickness in the 
funnel & gate area is roughly 14 to 16 m. The groundwater table lies between 2.0 and 3.6 m 
below top ground surface.
4.4.2 In-Situ UV Irradiation
The UV irradiation frames were manufactured by the workshop of the Stadtwerke Karlsruhe. 
Six UV lamps, each 120 W, and their respective ballasts were assembled in a square 
framework (for further details see Appendix B and C). The UV lamps chosen for the set-up 
were identical to those used in the laboratory UV irradiation set-up (see chapter 4.2.1). 
Starting with a steel prototype which was installed for six months, a number of properties of 
the frame were optimised such as water tightness, electrical and mechanical inter-linking 
between frames and fouling on the lamp envelope surface. Finally, stainless steel frames were 
produced. Before these frames were submerged, they were flushed with nitrogen and sealed 
pressure tight. In spring 2005, the gate was equipped with 4 frames for 10 months and then, 
until now, with 6 frames in autum 2006. The purification rates from both set-ups were then
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compared. Figure 4-13 shows a single frame module with 6 UV lamps. For testing purposes, 
the lamps were ignited in the laboratory. Work safety regulations were observed.
* .A '«%:
W s
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Figure 4-13 UV lamp set-up for in-situ irradiation
4.4.3 Ozonation Experiments
Calculation o f ozone dose
The volume of the UV chamber was calculated to be 3250 litres. The volumetric groundwater 
flow in the pilot gate was determined to be 0.6 1/s, corresponding to 2160 1/h. As a result of 
this, the volume of the chamber is exchanged once every 90 minutes. From results gained in 
laboratory experiments, it was concluded that an initial ozone concentration of 8 mg/1 was 
required. This corresponds to an ozone dose of 26 g in 3250 1 per 90 minutes; therefore a 
dosage of approximately 17.5 g/h was required.
According to the ozone capacity data, as shown in the graph below, for a feed gas concentra­
tion of 100 1/h oxygen and a generator level of 100% approximately 17-18 g/h ozone can be 
generated. An experiment undertaken using these conditions detected no ozone after 3 hours 
of in-situ ozonation. Therefore in the following experiment, the amount of ozone was doubled 
applying 250 1/h oxygen with the same generator settings.
Ozone capacity In dependence of gas flow at 100% generator levelI:
100 250■'5° Gas Flow [Nl/h] ^00 300
Figure 4-14 Ozone generation data for the anseros COM AD-08 ozone generator
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Ozone experiment
The ozone experiment was carried out without the installation of UV frames. The ozonation 
took place at a depth of 14 m below ground. Therefore the principle of a water jet vacuum 
pump was used to overcome the hydrostatic pressure of the water column at this depth. Water 
was extracted from a depth of 2 m from the UV chamber by means of a suction pump and 
pumped down to 14 m. Here, the suction side inlet was connected to a tube linked to the 
ozone generator which was positioned at ground level. Using this set-up, as can be seen in 
Figure 4-15, the ozone was mixed with groundwater from upper horizons, providing 
circulation of ozonated water inside the UV chamber. By means of a ventilator the gas phase 
above the water table inside the pilot gate was sucked into a flask filled with water and 
saturated with potassium iodide. This was undertaken to remove ozone residual in the air and 
to avoid inhalation of this hazardous gas.
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Î I < ozone (1.25 bar)
inflow (irradiation) 
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Groundw ater flow 
 ►
activated
carbon
ozone feed gas: 
generator oxygen
outflow
chamber
Groundwater flow 
 ►
Figure 4-15 Set-up for in-situ groundwater ozonation
The ozone concentration in the aqueous phase was monitored at a depth of approximately 
14 m below ground using the laboratory Indigo method. Once ozone was detected at this 
depth, the concentration was then determined at all other sampling points (as described in 
chapter 4.4.4). After 3 hours of ozonation, samples for benzene, vinyl chloride, PAH, 
Fe^ /^Fe^ ,^ TOC and UV spectra were taken and physico-chemical measurements were 
performed.
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4.4.4 Depthwise Sampling Procedure
With the aid of a multi-chaimel peristaltic pump, water samples from the inflow of the gate 
(measuring well), the UV chamber and the outflow of the gate (measuring well) were taken 
from different depths below ground. For the sampling procedure, PTFE tubing of the 
corresponding length with an inner diameter of 1.0 mm was used. The average pump rate was 
determined to be 20 ml/min. This sampling method allowed the taking of samples for 
analytical investigation in the laboratory of PAH, benzene, vinyl chloride, TOC as well as the 
measurement of redox potential, oxygen concentration and ozone concentration on site.
Penstaltic
pump
Sampling
vessels
Top ground surface
2.7 m
PTFE tubes
Figure 4-16 PTFE tubes installed at the pilot gate for sampling
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4.4.5 Measurement of Flow Velocity and Flow Direction with the Groundwater-Flow- 
Visualisation System (GFV)
The groundwater survey was carried out by the company “Phrealog” with the GFV System, 
which is a procedure for the continuous measurement of groundwater flow. The GFV System 
allows online measurement of both groundwater flow direction and velocity at the same time. 
Flow velocity and direction are determined by using naturally occurring suspended particles 
as flow markers. These particles drift along with the groundwater flow. A special camera 
system images particle patterns in a measuring section of the GVF probe. The drift of these 
patterns gives evidence of the in-situ groundwater flow which is directly visualized and can 
be observed online (Figure 4-17).
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Figure 4-17 Groundwater Flow Visualisation measuring principle
4 Methods and Applications 113
4.4.6 Examination of the Impermeability of the Bentonite Sealing
To complete the investigations with respect to flow behaviour of the groundwater, the 
bentonite sealing between the funnel and gate 3 was examined by the company Dr. Komer 
Geomonitoring for any leakages. For this purpose, an “Electrical Conductivity (EC) System” 
was used. Theory of operation: A current is sent through the formation between two probe 
contacts. This current is measured along with the resulting voltage (see Figure 4-18). The 
conductivity is a ratio of current to voltage times a constant. The resulting reading is in milli- 
Siemens per meter (mS/m).
0  Voltage
Measurement
^  Alternating 
Current Source
^  Current 
^  Measurement
Figure 4-18 Array for conductivity measurements
Figure 4-19 Conductivity probe and data logger
A hydraulically powered direct penetration machine was used to advance the conductivity 
probe into the subsurface. The bentonite was investigated at four different positions: south­
west, south-east, north-west and north-east of gate 3. The EC logs can be used to detect zones 
of lower conductivity, equivalent to coarser grained, more permeable sediments which will 
allow the leakage of contaminants through the bentonite.
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4.4.7 Extension of the Gates
As described in section 3.5.3, after more than two years of operation it was discovered that 
groundwater was flowing over the top of the activated carbon column of the fimnel & gate 
system. To avoid insufficient treatment by this short-circuit flow which occurs in periods of 
high groundwater levels, the level of the activated carbon was raised by installing metal 
sheeting. Two metal plates were linked and sealed with metal ties to stabilise them. Following 
the completion of the construction measures, which can be seen in Figure 4-20, the area 
between the plates was filled with a further layer of 1.5 m activated carbon (i.e. the plates 
simply serve as an extension to the existing structure).
Figure 4-20 Construction of the reaction zone extension
4.4.8 Tracer Test for Determination of Flow Velocity
Principle: A tracer was injected into the influent chamber of gate 3. The natural groundwater 
flow transports this marker through the activated carbon chamber of the gate into the effluent 
chamber and then into the adjacent aquifer. Sensors measured its concentration in the influent 
and the effluent chamber of the gate, thus tracing the groundwater flow from the influent to 
the effluent chamber.
In this test, sodium chloride (common salt) was chosen as a tracer. The addition of the salt 
increases the conductivity of the groundwater, and the flow of the marked water can be 
tracked using conventional conductivity sensors. Common salt does not adsorb onto activated 
carbon and can thus be considered as the ideal tracer for this test. This has the advantage that 
the velocity of the groundwater flow through the activated carbon can be measured since the 
water remains marked even after having had contact with the activated carbon. On the other
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hand, the disadvantage is that it is not possible to check whether the marked water was 
exposed to the activated carbon.
Since the conductivity of the groundwater at the test site was relatively high by nature 
{- 1000 pS/cm at 20°C), considerable amounts of common salt had to be added to achieve a 
clear signal for the measurements of conductivity. Laboratory tests using groundwater showed 
that the addition of 5 kg common salt in the influent chamber increased the conductivity to 
approx. 3000 pS/cm. Preliminary testing also showed that conductivity between 1000 pS/cm 
and 3000 pS/cm is proportional to the added amounts of common salt. To overcome the 
problem that saline water sinks to the ground due to its higher density, a salt solution was 
prepared the day before testing (5 kg salt dissolved in 20 1 tap water). This solution was added 
to the inflow chamber and pumps were employed to ensure good vertical mixing.
Since it was originally planned to conduct tracer tests using several sensors simultaneously, 
special conductivity sensors were produced by the Stadtwerke Karlsruhe (Figure 4-21). These 
sensors can be connected to commercially available conductivity meters. They cannot 
measure the absolute conductivity, but there is a linear dependency between conductivity and 
the measured values (arbitrary units).
I I
i \
Figure 4-21 Conductivity sensors
The preparations for the tracer test included the following steps:
• 5 kg of common salt were dissolved in 20 1 tap water.
• Two water pumps with a capacity of approx. 8 m^/h and 15 m^/h respectively were 
installed at the influent and effluent chambers of gate 3 in such a way that they sucked in 
water from near the surface and discharged it via a tube at the bottom of the chamber. 
With this arrangement, the water circulated in the chambers, thus achieving good mixing.
• A conductivity sensor was installed in the influent and the effluent chamber of the pilot 
gate, being located at medium height, i.e. 6 m above ground. The conductivity sensors 
were installed one day prior to the tests to obtain stable values.
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5 Laboratory Results and Discussion
This chapter first describes the absolution of UV light by the contaminants present in the 
gi'oundwater. For this purpose, the UV spectia of the individual contaminants were recorded 
and served as a basis to determine the molar absorption coefficients at the main emission 
wavelength of 254 nm of the UV lamp used in all experiments. Then, the residence time in the 
photoreactor used for the laboratory inadiation experiments was deteiinined at different flow 
velocities.
The radiation power of the installed Hg low pressure liigh output lamp (electiical input power 
120 W) in the UVC range at 254 mn was determined using the chemical actinometer uridine. 
These lamps were not only used for Hie laboratory experiments, but also for the field 
experiments conducted at a later point in time.
The first irradiation experiments were conducted with model waters produced in the 
laboratory. The contaminants acenaphthene and vinyl chloride (VC) were dissolved 
individually in RO water and inadiated. This was done to find out whether these substances 
could be degraded by UV irradiation without the presence of competing contaminants and 
whether there was any dependency of tlie determined molar absorption coefficients.
It is well known that organic compounds are not necessarily mineralised completely by 
irradiation even if they are no longer detectable. Therefore, the mineralisation of these 
substances should be proven by measuring the organic caibon content in the solution. This 
could be acliieved only in the case of VC, since the organic caibon content in the case of 
acenaphthene was so low due to the poor solubility of this substance that it could not be 
determined with sufficient accuracy. Instead it was tried to capture some of the fonned by­
products with only a single series of experiments using mass spectrometry. This experiment 
should sei've as an indicator of the completeness of the degradation. The main objective did 
not consist in Üie investigation of the degradation pathway of acenaphthene nor in a 
quantitative determination of the fonned degradation products since these investigations 
would extend beyond the scope of this study.
The experiments conducted with model water were to show that the solution still contained 
by-products with an aromatic character even after the concentration of acenaphthene had 
decreased below tlie detection limit, hi the model water expeiiments, the contaminants were 
degraded within minutes. Therefore no UV-induced advanced oxidation expeiiments were 
conducted, since any accelerated degradation could not have been captuied by the measuring 
device. Witli the flow velocity present in the photoreactor it would not have been possible to 
iiTadiate the complete water volume in the system within the vei-y short time needed for 
complete degradation and tMs would have influenced the evaluability of the contaminant 
concentrations. The experiments were thus conducted directly with the contaminated
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groundwater which reacts more slowly due to its liigher content of organic carbon and the 
presence of radical scavengers. Here, the methods UV/aeration, UV/H2O2, ozone and 
UV/ozone were used.
5.1 UV Spectra and Molar Absorption Coefficients ( e )  of Contaminants
The degradation performance of organic compounds during UV irradiation strongly depends 
on the absorption of UV light in the range emitted by the UV lamp, which is mainly 254 nm 
for Hg low-pressure lamps. The effectiveness of a molecule in absorbing light of a given 
wavelength is characterised by the molar absorption coefficient, £. Absorption coefficients 
were detennined at the wavelength of 254 nm for the contaminants present at the gas works 
site.
After preparing stock solutions and adequate dilutions of each compound (see Chapter 
4.1.2.6), UV spectra were recorded in the range of 190-400 nm, with an increment of 2 nm for 
benzene, vinyl chloride and for the PAH naphthalene, acenaphthene, acenaphthylene, 
fluorene, pyrene, fiuoranthene. For each substance, three different dilutions were produced. 
The concentrations of the dilutions were selected so that the measured absorbance at 254 nm 
was not gr eater tlran 1 in order to assure the validity of the Beer Lambert law. Tlrree duplicate 
measurements were carried out for each dilution concentration, and the absorbance values 
were subsequently averaged.
According to Beer Lambert law (see Eqn. 4-2 in chapter 4.1.2.6), the measured absorbance 
(A) is proportional to the molar concentr ation of the absorbing species (c) and the thickness of 
tire sample the light passes through (d). Thus the molar" absorption coefficient 8 of a particular 
substance was determined as follows (see Eqn. 4-2):
A = s ^ c ^ d  => 8= A / ( c ^ d )
The tr ansmitted pathlength, 1, was 5 cm and the concentration, c, of the substance in solution 
was inserted in mol/1.
The spectra recorded for the groundwater contaminants at the gas works are presented in 
Figures 5-1 to 5-4. It can be seen that the relative intensity of absorption lines of a compound 
does not vary with concentratiorr at any given wavelength, hr each absorptiorr spectr*urn, a 
pink line was drawn at a wavelength of 254 mn. The measured absorbarrce values at this 
wavelerrgth were used for the calculatiorr of tire rrrolar absorption coefficient e. The 
concentrations used for the illustrated spectra are listed irr Chapter 4.1.2.6 (Table 4-1).
Berrzerre, wlrich consists of a sirrgle aromatic r*ing, has appreciable absorbance maxima at 210- 
212 nm and between 240 arrd 270 nm. At wavelengths greater tharr 270 rrm, absorption is 
rregligible. The absorption by berrzene is generally small compared to that of more highly
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condensed aromatic ring systems. In order to obtain marked absorbance at 254 nm, from 
which 8 could be calculated, it was necessary to use benzene concentrations 100 times greater 
(c=0.2 -1 .0  mmol/1) than used for the PAH; the resulting UV spectra are illustrated in Figure 
5-1.
B en zen e
0.6
inM
< 1, c = 1.010 mmol/12, c = 0.608 mmo/1
3, c = 0.203 mmo/10.2
0.0
190 240 290 340 390
Figure 5-1 UV absorption spectra of benzene in n-heptane
The two and three-ring PAH also absorb primarily between 210 and 310 nm. For ace­
naphthylene, the absorption range extends to 350 nm, as can be seen in Figure 5-2. The 
illustrated spectra were recorded using solutions with concentrations of 0.002-0.1 mmol/1.
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É
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3, 0  = 0.0203 mmo/1in
0.5
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190 230 270 310 350 390
Figure 5-2 UV absorption spectra of naphthalene, fluorene, acenaphthene and 
acenaphthylene in n-heptane
The spectra of the 4-ring PAH fiuoranthene and pyrene are shown in Figure 5-3. They are 
characterized by the extension of the absorption zone to wavelengths greater than 310 nm, as 
was also the case for acenaphthene. For pyrene, the absorption zone extends to ca. 350 nm 
and for fiuoranthene as far as 390 nm.
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Fiuoranthene
2.5
1, c = 0.0100 mmol/1
2, c = 0.0060 mmo/1
3, c = 0.0020 mmo/1
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<
0.5
0.0
190 230 270 310 350 390
P yrene
3.0
1, c = 0.0201 mmol/1
2, c = 0.0101 mmo/1
3, c = 0.0050 mmo/1
Vr
0.0
190 230 270 310 350 390
Figure 5-3 UV absorption spectra of fiuoranthene and pyrene in n-heptane
The nonpolar PAH poorly dissolve in water and their spectra were thus measured in the 
nonpolar solvent n-heptane. In contrast, VC does not dissolve in n-heptane. The gaseous VC 
was thus dissolved in RO water and the spectra were measured against the blank cuvette filled 
with RO water. It has to be taken into consideration that UV/VIS spectra depend on the 
solvent. In the case of polar solvents such as water, the molecules can thus interact with the 
permanent and induced dipoles of the solvent molecules. The more polar the solvent, the 
broader the UV absorption bands can be. The influence of solvents or substituents can also 
shift the absorption band towards longer wavelengths (“bathochromic effect”) or towards 
shorter wavelengths (“hypsochromic effect”).
The absorbance spectrum of vinyl chloride in RO water is shown in Figure 5-4. Vinyl 
chloride absorbs only light of wavelengths shorter than 220 nm. At a wavelength of 254 nm, 
the peak emission wavelength of the UV lamps used for the degradation experiments, no 
absorption takes place, e, could not, therefore, be measured, but it has to be assumed that 
appreciable absorption occured at 185 nm.
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Vinyl ch loride
2.5
2.0
in
É< 1, c = 0.2670 mmol/12, c = 0.0170 mmo/1 
3,0 = 0.0534 mmo/10.5
0.0
190 240 340 390290
Figure 5-4 UV absorption spectra of vinyl chloride in RO water
In the following table the main absorption maxima of the investigated substances are 
presented.
Table 5-1 Absorption maxima for selected PAH, benzene and VC
Substance M ain Maxima
Naphthalene 220-222; 274
Acenaphthene 222-226; 288
Acenaphthylene 222-228; 318-322
Fluorene 210-212; 260-262
Pyrene 238; 270-272; 318; 332-334
Fiuoranthene 212; 234; 276; 286
Vinyl chloride < 195
Benzene 210-212; 254
The molar absorption coefficient values at 254 nm, calculated from the absorption values at 
254 nm and the molar concentrations of the individual substances, are presented in Table 5-2. 
The highest absorption coefficients (17001 1/mol*cm) were obtained for fluorene, fiuoran­
thene and pyrene with absorption coefficients of 12718 and 9848 l/mol*cm, also demon­
strated very good absorption characteristics. The absorption coefficient for acenaphthene, the 
groundwater contaminant present in the highest concentration at the site, was calculated to be 
1252 l/mol*cm [EGGERS et al. 2006].
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Table 5-2 Experimentally deteimined molar absorption coefficients, 8, at 254 mn
Substance 8 254 nm [l/mol*Cm] Mean value e 254 nm
1 2 3 [I/mol*cm]
Naphthalene 3068 2793 2713 2858
Acenaphthene 1123 1230 1402 1252
Acenaphthylene 2334 2354 2384 2357
Fluorene 17280 17041 16682 17001
Pyrene 9894 9666 9984 9848
Fiuoranthene 12813 12687 12654 12718
Vinyl chloride 0 0 0 0
Benzene
....UP 1 P. 1
146 147 144 146
on the experimentally derived molar absorption coefficients at 254 nm of tlie PAJ 
/eness of photolytic degradation (Hg LP lamp) should increase in the following or
Acenaphthene < Acenaphthylene < Pyrene < Fiuoranthene < Fluorene
Because VC does not absorb UV light with a wavelength of 254 mn, and benzene is only 
minimally absorptive (e = 146 l/mol*cm), the degradation of these substances tlirough direct 
photolysis by inadiation at 254 mn was expected to be minimal.
Comparison of the experimentally determined PAH absorption coefficients with data fi*om the 
literature (see Table 5-3), such as that from publications of the National Institute o f Standards 
and Technology (NIST) or from Perlmmpus reveals good agreement between the experimental 
and literature absorption coefficients [NATIONAL INSTITUTE OF STANDARDS AND 
TECHNOLOGY 2005, PERKAMPUS 1992].
The published NIST value of 8 = 45920 l/rnol*cm for fiuoranthene cannot be explained, as the 
experimentally derived value and the published value fiorn Perlcampus were 12718 and. 
13000 l/rnol*crn, respectively. No literature values were available for either benzene or VC.
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Table 5-3 Literature molar absorption coefficients
Substance 8 254 11111 [I/moFcm]
NIST Perkampus
Naphthalene 2239 3200
Acenaphthene - 1500
Acenaphthylene 2291 2400
Fluorene 17418 17000
Pyrene - 10000
Fiuoranthene 45920 13000
Benzene - -
Vinyl chloride - -
5.2 Characterisation of the Laboratory Irradiation Set-up
5.2.1 Reactor Volume and Total Volume of the Irradiation Set-up
Photoreactor volume
The volume of tlie radiation zone was determined by subtracting the volume of the quartz 
envelope enclosing tlie UV lamp fiorn the volume of the outer reactor according to equation
4-5:
The reactor which encloses the lamp has an inner diameter of 80 tmn and a total length of 
880 rmn, the diameter of the quartz envelope is 50 rum. Consequently the volume of the photo 
reactor was calculated in the following manner:
jV = {7T' (40 mm) • 8 8 0 -  {7U • (25 mm) • 880 ww), = 2695486 mm 
= 2.701
Total volume o f the irradiation system
After adding 50 ml of an iron standard solution (1000 rng/1 as Fe Trtrisol®-Staridard, Fe (III)- 
chloride in hydrochloric acid) to the laboratory ÜTadiation system, the set-up was filled up 
with deionised water to a marked point and was pumped through the system for 30 minutes 
(200 l/li) to mix the solution. Thr ee samples of 10 ml each were then withdrawn and the iron 
concentration was detennined using the bathopheriantlnoline method.
5 Laboratory Results and Discussion 124
The mean value of the iron concentration of these tliree samples was 2.85 mg/1 ± 0.08 (total 
iron added = 50 mg). From tliis, the total volume was calculated as follows:
2.85 mg = 1000 ml
50 mg = xm l x =  17.541
The whole procedure was performed twice yielding exactly the same results. Verification of 
the volume calculation by means of hydrogen peroxide dosage and subsequent measurement 
of die hydrogen peroxide concentration confirmed the calculation of the volume.
5.2.2 Residence Time Determination
Water fiorn a supply tanlc was circulated continuously through the laboratory irradiation 
apparatus which was discussed in Chapter 4.2.1; only a proportion of the volume to be 
in'adrated occupied the reactor at any time during operation.
This continuous operation of the equipment is characterised by a constant reactant flow into 
the reactor and sufficient removal of product to ensure that stationary conditions are achieved. 
The mean theoretical residence time (r), the quotient of the reactor volume (V) and volume
flow (F )  are used to generally characterise the residence time in continuous reactors:
The average residence time yields an average of the residence times of all the molecules, but 
provides no information about the dispersion of tlie effective residence times of the individual 
molecules. Due to mixing effects, e.g. hydrodynamic flow effects and diffusion, the effective 
residence times of tlie individual molecules fed simultaneously into tlie reactor are distributed 
over a fairly broad range of times. There are two limiting cases which can be used to describe 
ideal flow behaviour for continuous processes
• Complete mixing of the reaction mass in the reactor (Coritinous Stirred-Tank Reactor, 
CSTR). hi tliis case, there are no temperature or concentration gradients and the reac­
tor concentration is identical to that measured in the reactor discharge.
• Flow through the reactor in which no axial mixing occurs (Plug Flow Reactor, PFR). 
Turbulence develops only radially and is so intense that it eliminates concentration 
and temperature gradients radially. This type of flow behaviour is described as plug 
flow and can be achieved in flows with high Reynolds numbers.
The residence times for these ideal reactors can be derived theoretically. The flow behavior in 
real reactors deviates fiorn the ideal due to inadequate mixing, tlirough dead volumes, “short- 
circuiting”, and through dispersion effects. The distribution of the molecule residence times 
generally lies somewhere between the two extreme cases of complete mixing (CSTR) and 
without axial mixing (PFR).
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Figure 5-5 Conductivity measurements at the outlet of the photo reactor for determination 
of residence time at different flow velocities
(blue curves: time until the tracer is first detected at the outlet; pink curves; time until no tracer is left)
To determine the residence time of the laboratory irradiation setup, the system was not 
operated in circular mode as usually done in degradation experiments, but the solution flowed 
straight through it. A NaHCOg solution was introduced into the photo reactor and the
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presence of the tracer at the outlet was observed over time, with t = 0 being the release time of 
the NaHCOg. The concentration measurement was carried out by observing the conductivity 
increase at the outlet and recording the values with a logger; the flow velocity was determined 
using a rotameter.
The residence time determination was carried out for different pump speeds (100, 200, 300, 
500, 800 and 1000 1/h). For each speed, the increase in the salt concentration (see blue curves) 
and the subsequent decrease in salt concentration (see pink curves) during the system flushing 
with reverse osmosis water was registered by measuring the conductivity. The average 
residence time was read from the intersection points of the two conductivity curves (see 
Figure 5-5).
In Table 5-4 the experimentally determined average residence times are presented in 
comparison with the calculated residence times. The residence times ranged from 11 s at a 
flow rate of 1000 1/h to 65 s at a flow rate of 100 1/h. The residence time for a volumetric flow 
rate of 200 1/h, the velocity used in all laboratory experiments, is shown in blue and was 
determined to be 44 s. A comparison of the experimentally determined residence times
(Figure 5-5) with the residence times calculated according to r  = / V shows a good
agreement. Only at the slow pump rate of 100 1/h a significant deviation can be observed. This 
is probably due to the inaccuracy of the rotameter at the low end of the adjustment scale.
Table 5-4 Residence times in the photo reactor at different flow velocities
Flow velocity [1/h] 100 2 0 0 300 500 800 1000
Hydraulic residence time [s], 
experimentally determined
65 44 30 19 13 11
Theoretical residence time [s], 
calculated
97.2 48.6 32.4 19.4 12.2 9.7
50 -
20 -
200 400 600 800 1000 1200
flow {1/h]
Figure 5-6 Experimentally determined residence times in the photo reactor
The irradiation experiments with model water and groundwater were conducted in a 
laboratory device at a pump rate of 200 1/h. It has to be taken into consideration that the
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complete volume to be irradiated amounted to 17.54 1 (photoreactor + storage tank). The 
photoreactor, however, had a volume of only 2.70 1. Thus, only 15% of the complete volume 
were irradiated at any time during the complete process. The volume of the photoreactor had 
to be exchanged 6.5 times for an irradiation of the complete volume. Every exchange took 
44 s; and the irradiation of the total volume of 17.54 1 thus took 4.8 minutes.
5.2.3 Photon Flow
The incident photon flow was determined by means of uridine actinometry. In this method, 
the decrease in the uridine concentration is observed throughout the irradiation time. 
Experiments were performed using reverse osmosis water (Experiment set I), reverse osmosis 
water with t-butanol as a radical scavenger (Experiment set II) or tap water (Experiment 
set III). All experiments were performed with a solvent volume of 17.5 1, a flow velocity of 
200 1/h, and a uridine start concentration of 5.71 pmol/1 (dosage of 10 ml 0.01 mol/1 uridine) 
at constant temperature of 20 °C.
Initially, the experiments were carried out with an annular gap purge with oxygen in order to 
mask the 185 nm emission wavelength. This proved to be a mistake. Radiation with a 
wavelength of 185 nm was efficiently quenched by oxygen, but it led to the formation of 
ozone. The generated ozone absorbed light with a wavelength of 254 nm which then no 
longer penetrated the water phase. As a result, the annular gap was flushed with nitrogen in 
Experiments I-III in order to allow penetration of both emission lines. Additional experiments 
were then carried out in which t-butanol, a substance which traps radicals formed during the 
photolysis of water, was added to the reactant solution. Uridine actinometry was initially 
carried out three times in Experiment I, and twice in Experiments II and III. There were no 
significant differences in the results. In the following table (Table 5-5), the experimental 
conditions for the completed experiments are presented:
Table 5-5 Experimental conditions for uridine actinometry
experiment lamp 
operating 
hours [h]
solvent t-butanol,
scavenger
[g]
H3PO4 85% [pi]
1 n NaOH 
[ml]
pH
start
pH
end
la 65.00 RO water - 1200 29.1 J 6.51 6.49 1
Ib 66.65 RO water _ 1200 25.0 1 6.66 6.62 1
Ic 77.20 RO water 1200 ■ 26.0 1 6.64 6.60 !
II a 207.06 RO water 121.4 1200 21.0 6.72 6.60
II b 207.06 RO water 123.1 1200 21.0 6.72 6.60
............n ia_ ._ j 1 209.60 : j [ 1 2 0 0  1 - 6.62 6.61 1
mb 1 ,209.85 ' tap water . . . . . . 1 2 0 0 . I 6.62 6.60 1
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The UV spectra between 200 and 320 nm and during different irradiation times of the aqueous 
uridine solutions for Experiments la, Ila and Ilia are illustrated in the graphs in Figure 5-7.
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Figure 5-7 Spectra recorded during uridine actinometry
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Uridine shows a distinct absorption maximum at 262 nm in all three conducted experiments. 
In the experiments with RO water, an absorption minimum can be seen at approx. 230 nm. In 
contrast to this result, a strong absorption can be observed at wavelengths < 230 nm in 
Experiment III a which was conducted with tap water. This is probably caused by compounds 
such as bicarbonate and nitrate present in the tap water.
From the spectra it becomes evident that the absorbance of uridine around the maximum in 
Experiment I a decreases fastest during irradiation with 185 nm and 254 nm. The addition of 
the radical scavenger t-butanol, aimed at an elimination of the influence of the emission line 
at 185 nm of the UV lamp, counteracts this effect. A similar influence of irradiation on the 
absorption spectrum of uridine can be observed in the tap water experiment.
The quantitative decrease of the uridine concentration during the course of irradiation was 
derived from the absorbance values at the absorption maxima at 262 nm in these spectra.
First, the relative absorbance data were plotted against the irradiation times, as depicted in 
Figure 5-8. It can be clearly seen that the concentration reduction in the warm-up phase of the 
lamp is not linear. The values measured in the first 108 s were therefore omitted from the 
analysis. The next measured value (taken 30 s later) at 210 s was ultimately set as the starting 
value (reference value co), and the subsequently measured values were recalculated in 
reference to this value.
experiment I a
0 100 200 300 400 500
I
(U
0 
-0.1 
-0.2 
-0.3 H 
-0.4 
-0.5 
-0.6 lamp heat uptime time [s]
Figure 5-8 Relative logarithmic absorption at 262 nm during irradiation of uridine
The irradiation dose was determined later from the slope of the best-fit line that was produced 
by graphing the logarithm of the uridine values AJAq against the time in seconds. Here, the 
reduction in the absorbance, A/Aq, is set equal to the concentration reduction, c/co. The 
regression lines for actinometry Experiments I-III are shown in Figure 5-9.
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Figure 5-9 Relative logarithmic uridine decrease for the Experiments I-III
At lower uridine concentrations where e • c d<  0.07, the number of the absorbed light quanta 
is nearly proportional to the concentration of the uridine. Only then is the photo-chemical 
degradation of uridine a first order reaction.
For a first order reaction, the photon flux (No) can be calculated from the time (tgo) when 90% 
degradation was achieved, the Avogadro constant (A^), the apparatus volume in litre (V), the
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quantum yield of uiidine (0 ), the molar absorption coefficient in 1/mol cm m»), and the 
thickness of the iiradiated layer in cm (/) using the following equation [BERNHARDT et al. 
1994]:
0.9-N^-V  Eqn.5-2
The time required in seconds to achieve 90% degiadation, tço, was calculated fiom Eqn. 5-3 
and tlie rate constant, m, can be obtained fi*om the slope of the regiession line (see Figure 
5-9);
log(c/co) = => t = Eqn. 5-3-  m
For example, the result for Experiment la was tgo = 721.4 s. The quantum yield for uridine at 
254 nm was talcen to be 0  = 0.019 mol/(mol photons); the molar absorption coefficient at 254 
mn with £■= 8410 l/(mol cm). Using these values, the photon flux was calculated as follows:
^  0 . 9 . N , . y ^  0.9.6.022.10--(l/mo/).17.5/
 ^ 0.019 •8410//(mo/-cm)-1.5cm *721.45 ^
The energy of a photon as a function of its wavelength can be calculated using the following 
equation with the constants h = 6.63-10' "^  ^J-s/photon and c = 3-10  ^m/s.
E  = Eqn. 5-5Â
Accordingly, the energy of a photon witli a wavelength of 254 nm is 7.83-10'^^ J. If this value 
is multiplied by the number of incident photons, the power of the entire system may be 
calculated, in this case:
PacJ =^^0
P ,, ,  = 5 .4 9 photons/s■ » • 3■ lO^m/. ^ 4 3 ,9 1
2.54 10-'m s
This is equivalent to a UV output of 42.9 W (at 254 nm) at an electrical input power of 
120 W. The results of the perfoimed actinometiy experiments are presented in Table 5-6.
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Table 5-6 Results of uridine actinometry under varying conditions
mean radiantexperiment medium scavenger time for 90% decrease [s]
photon flux 
[photons/s]
radiant 
power* [W]
la 1 RO j - j 721.4 5.49E+19 1 42.90
I 1 RO j - 1 772.2 5.12E+19 j 40.07
Ic RO - 1 780.8 5.07E+19 39.63
40.87
l ia
l ib
RO t-butanol 1432.4 2.76E+19 21.60
RO t-butanol 1449.0 2.73E+19 21.36
21.48
HI a tap water - 1 2007.0 II 1.97E+19 1 15.42
nib tap water - j 2003.0 II 1.98E+19 15.45 15.44
* at 254 nm
In Series I of the experiments, the solution was irradiated with photons of a wavelength of 
185 nm as well as with photons of a wavelength of 254 nm. The photons with the shorter 
wavelength effected a more rapid degradation of uridine and emphasise the relevance of the 
high energy photons for the degradation experiments carried out. The calculated power, 
without scavengers, is at 40.87 W, nearly twice as high as the power calculated with 
scavengers (21.48 W). The results from Experiment I could not be used, however, to 
determine the correct photon flux at 254 nm.
The correct result for the Hg LP lamp at 254 nm used in the experiments corresponds to the 
photon flux obtained from Experiment Series II in RO water, namely 2.7 x 10*^  photons/s. 
The effects of the photons with a wavelength of 185 nm were masked by dosing a radical 
scavenger.
The role of the underlying chemical composition of the irradiated aqueous phase was made 
clear in Experiment Series III with the lowest radiant power of 15.44 W. In addition to 
carbonate and bicarbonate, tap water contains ions that can act as scavengers as well as a host 
of unknown organic compounds, the sum of which can be measured collectively as TOC. The 
organic compounds compete with the uridine for the incident photons. The tap water used in 
the actinometry had a chemical composition which was very similar to that of the gas works 
groundwater ultimately used for the degradation experiments. The compositional similarity is 
not surprising because the tap water is derived from the same regional groundwater aquifer in 
which the gas works is located. Nevertheless, the contaminated groundwater from the gas 
works site contains a higher dissolved organic carbon concentration (TOC=4—6 mg/1) than the 
tap water (TOC ca. 1 mg/1), and the “inner filter effect” of organic substances is therefore
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liigher in the gas works water. It follows that the number of photons penetrating to the 
contaminant molecules is lower in the gas works groundwater.
The photon flow in die laboratory irradiation device could be deteiinined to be 2.7x10^^ 
photons/s. This coiTesponds to a radiant power of the UV lamp of 21.5 W at 254 nm at an 
electrical input power of 120 W.
The conducted actinometry experiments emphasise die relevance of the 185 mn emission line 
for the degradation experiments. If tins wavelength is not suppressed, e.g by adding a radical 
scavenger, uridine is degraded more than twice as fast as with iiradiation at 254 nm only.
5.3 Experiments Performed in the Laboratory Irradiation Set-up
5.3.1 Model Water Results
In this chapter, the results of the laboratory experiments for the contaminants acenaphthene 
and vinyl chloride (VC) in model waters are presented. In addition to the degiadation of the 
substances themselves, the fonnation/degradation of hydrogen peroxide and the consumption 
were also monitored during iiTadiation as a measure of tlie mineralisation of organic 
substances. For the contaminant acenaphthene, the mass spectia of tlie by-products formed 
during the irradiation were recorded, and some of the substances were identified. The 
investigation of VC degradation was accompanied by weight distributed TOC analysis which 
made it possible to reach conclusions regarding the degraded/formed molecular weight 
fractions. All laboratory experiments were carried out at 20 °C, a condition which was 
ensured by the application of a thennostat.
5.3.1.1 Acenaphthene Irradiation
The model solutions were prepared as described in chapter 4.3.1. After the experimental 
apparatus was filled, the acenaphthene solution was circulated for 20 min. Wliere nitrogen or 
oxygen was introduced, the gas flow was started at this time. After 20 min passed, the first 
sample was taken to determine tlie initial concentration. Immediately aftenvards, the lamp 
was turned on and the experiment began; this marked the starting time, t=0.
Despite the low water solubility of acenaphthene, no organic solvents were used. The addition 
of TOC to the solution was avoided because the formation of by-products and, in more recent 
studies, of hydrogen peroxide during irradiation could not be ruled out [NEUMANN et al. 
2004, YANG 2003]. The newly formed substances would have had the potential to influence 
the degradation behaviour of the investigated substances. The initial coricenfrations of 
acenaphthene in the experiments were, therefore, low and lay, as detailed in Table 5-7, 
between 170 and 340 pg/1.
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First, the degradation behaviour of acenaphthene in RO water with different dissolved oxygen 
concentrations was investigated. The first experiment was carried out with the ambient 
oxygen concentration (initial oxygen concentration of 7.6 mg/1). For the experiment where 
oxygen was present in excess, the experimental solution was continuously oxygenated 
throughout the whole experiment in order to maintain a constant oxygen concentration of 17 
mg/1. In order to investigate the degradation behaviour of acenaphthene in the absence of 
oxygen, the experimental solution was aerated with nitrogen. An additional run was carried 
out with ambient oxygen (initial oxygen concentration of 8.5 mg/1) in tap water.
Table 5-7 Irradiation of acenaphthene containing model water (initial concentrations and 
half-life of acenaphthene)
Initial 
acenaphthene 
cone, [pg/1]
Irradiation time for 
50% degradation 
[min]
Irradiation time for 
90% degradation 
[min]
RO water, ambient oxygen 300 3.3 6.2
RO water, purged with oxygen 180 3.3 6.4
RO water, stripped with nitrogen 170 3.3 8.5
Tap water, ambient oxygen 340 6.8 17.6
The degradation of acenaphthene in all experiments is according to first order reaction 
kinetics. The results were normalised and graphed on semi-log paper, where In (c/co) was 
plotted against the irradiation time in seconds.
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Figure 5-10 Degradation of acenaphthene under varying conditions
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It can be concluded from Figure 5-10 that gassing with oxygen did not enhance the 
degiadation of acenaphthene relative to tlie ambient oxygen mns. Purging the oxygen from 
the irradiated solution witli niti*ogen, on the other hand, resulted in a reduction in the speed of 
the acenaphthene degradation, but only after eveiy ti'ace of oxygen had been removed from 
the medium.
The half-lives and 90% degiadation times for acenaphthene were calculated from the best-fit 
lines and aie presented in Table 5-7. The influence of the matiix on the UV degradation of 
contaminants can be seen. Wliile 3.3 and 6.2 min aie required to achieve 50% and 90% 
acenaphthene degradation in RO water, the times necessary to reach the same degree of 
degradation in tap water increased to 6.8 and 17.6 min. Tins can be explained by the liigher 
content of organic compounds in the tap water (1 mg/1). The high concentration of 
bicai'bonate (320 mg/1) found in Kai'lsinhe drinking water provides an additional reason for 
the longer degradation times because bicarbonate is a very effective OH radical scavenger 
[HOIGNÉ and BADER 1977].
The development of the oxygen concentrations during the iiTadiation experiments is 
represented in Figure 5-11. hi tlie “ambient oxygen experiment”, oxygen was consumed in 
such a way that the oxygen concentration fell from 7.6 mg/1 to 6 mg/1 over 20 min. In the 
“purged with oxygen experiment” the oxygen concentiation was constant at 17 mg/1 during 
the course of irradiation. The solubility of oxygen at 20 °C and a pressure of 1 bar in water is 
at almost 50 mg/1. It could not be clarified why only 17 mg/1 could be added to the water 
during the aeration experiment. It is, however, evident that a sufficiently high oxygen 
concentration was present at any time during this experiment to achieve mineralisation of 
organic substances.
In the experiment “RO water stripped with niti'ogen” it was not possible to completely purge 
the system of oxygen by the start of the experiment, so that the initial oxygen concentration 
was still ca. 0.5 mg/1. The remaining oxygen probably accounts for the absence of an 
identifiable difference between the results of the “RO water stiipped of oxygen” and the “RO 
water, ambient oxygen” experiments in the first few minutes of the runs. After an iiradiation 
time of 10 min, however, the oxygen was totally consumed. The reduction in the oxygen 
concentration in tins experiment is analogous to tlie slower acenaphthene degradation in the 
“Tap water, ambient oxygen” experiment and leads to tlie conclusion that the organic 
contaminants are more slowly mineralised.
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Figure 5-11 Oxygen concentration during acenaphthene irradiation
It was shown in chapter 3.3.3 that hydrogen peroxide is formed in pure water through the 
recombination of hydroxyl radicals. These hydroxyl radicals are generated through the 
photolysis of water through VUV radiation (wavelengths < 190 nm).
Between 2003 and 2006, three Diploma theses on the generation/degradation behaviour of 
hydrogen peroxide through UV irradiation were completed in the research group of Professor 
Maier at the Heinrich-Sontheimer Laboratory. In the first study, Yang discovered by chance 
that organic pollution of a reaction solution caused much higher maximum concentrations of 
hydrogen peroxide during irradiation [YANG 2003]. In a further thesis, Neumann studied the 
reaction products and the formation and destruction of hydrogen peroxide in methanol-water 
systems with VUV and simultaneous UV-C (185 nm and 254 nm) irradiation. Ultimately, he 
concluded that after the maximum of the hydrogen peroxide concentration was reached, no 
organics were present any more and therefore complete mineralisation was assumed 
[Neumann 2004].
Because the system of combined VUV and UV-C irradiation was very complex, only a 
limited interpretation of the experimental results was possible. In the last of the three theses, 
the results were verified by Robl by irradiation with VUV alone at 172 nm of aqueous 
solutions. Methanol was used as a model component to simulate organic waste in water. In 
contrast to the prevailing opinion, no hydrogen peroxide formation was observed in the 
absence of oxygen. This contradicted the reaction postulated by many authors in which 
hydroxyl radicals recombine to form hydrogen peroxide.
It could be shown that during irradiation with wavelengths below 190 nm hydrogen peroxide 
is not only formed from the recombination of OH radicals, but rather that the reaction of 
hydrogen atoms with molecular oxygen leads to the production of hydroperoxyl radicals 
(H-O-O*) which react further with organic material to yield H2O2 [ROBL 2006].
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H’ + O2
H-O-O" + H3C-R
H-O-O*
H2O2 + CH2-R*
Eqn. 5-7 
Eqn. 5-8
To confirm this, the formation of hydrogen peroxide was fluorometrically monitored during 
the irradiation experiments performed (see Figure 5-12).
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Figure 5-12 Hydrogen peroxide formation during irradiation of acenaphthene at various
oxygen concentrations
In the experiment in which nitrogen was used to strip the oxygen from the solution, hydrogen 
peroxide formation occurred only during the first 1 0  minutes, i.e. only in the presence of 
oxygen which had been completely consumed by minute 1 0 .
This is consistent with the results published by Robl. According to her results, no hydrogen 
peroxide was found in the absence of oxygen (under nitrogen saturation) and the results fail to 
support a recombination reaction of hydroxyl radicals which had been assumed so far.
During irradiation experiments performed in the presence of oxygen (initial concentration of 
7.6 mg/1) a decrease of the oxygen concentration proportional to an increase of the hydrogen 
peroxide concentration could be observed (compare Figure 5-11 with Figure 5-12). In both 
experiments (RO water, ambient oxygen and purged with oxygen), the maximum hydrogen 
peroxide concentration was reached after approximately 35 min. Thus, the formation of 
hydrogen peroxide during single treatment with UV irradiation already constitutes an 
advanced oxidation process, since hydrogen peroxide decays during irradiation to form highly 
reactive OH radicals according to the following equation, which was already described in 
chapter 3.3.5 (Eqn 3-50 - Eqn. 3-52):
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H202 + hv(UV) 2 HO*
H2O2 itself is attacked by tlie HO* radicals generated, thus initiating an H2O2 decomposition- 
fonnation cycle:
H2O2 +  H O ' -4. H2O +  HO2* k = 3.3xlO''M‘s ‘
HO2' + HO2" H2O2 + O2 k = 2xl0*ivr's''
Oxygenation of the aqueous solution to be iiradiated yielded no increased hydrogen peroxide 
formation during irradiation. On the contiary, less hydrogen peroxide formed during the 
oxygenation. The amount of H2O2 generated in the experiment with tlie oxygenated solution 
was lower than in the ambient oxygen experiment, probably because the concentiation of 
acenaphthene was, at 180 pg/1, also lower than the concentiation present in the ambient 
oxygen experiment (300 pg/l). Oxygenation of the solution to be irradiated did not increase 
the degiadation of acenaphthene. From this it can be concluded that under ambient oxygen 
conditions the oxygen concentration does not present a limiting factor in the experiment 
performed.
In tap water the formation of hydrogen peroxide was negligible and the maximum of the 
hydrogen peroxide formation was not reached, even witliin 100 min of irradiation (although 
the concentration of oxygen was between 8.5 and 7.0 mg/1 thioughout the duration of the 
experiment). It is likely that the newly formed hydroxyl radicals were immediately scavenged 
by carbonate and hydrogen carbonate making a further reaction impossible (see Eqn. 3-47- 
Eqn. 3-48).
*OH + CO3 OH+ CO3"
'O H  + H C O 3- - 4  OH + HCO3'
In the experiments the TOC was not measured because acenaphÜiene is only minimally water 
soluble and it would be impossible to prepare a solution with a concentration higher than 
340 pg/l. At tliis concentration, the initial TOC value would be ca. 0.3 mg/1, which was low
enough to be close to the detection limit of the TOC measurement method. At tliis time the
only classical TOC measuiement with a Shimadzu apparatus was possible. The measurement 
of the TOC distributed by molecular weight became available for later experiments.
Toxicity test using Vibrio fisheri assay
As organic compounds oxidise during UV irradiation, resulting in tlie formation of numerous 
new compounds, the possible foiination of unknown toxic products is fi*equently discussed. It 
has to be taken into consideration that many oxidation products are unstable and subject to
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quick biological transformation. For this study, tests with luminescent bacteria {Vibriofisheri) 
were conducted. The tests were applied to investigate the toxic effect of acenaphthene in 
model water and of any by-products which might have formed during 30 minutes of 
irradiation of this solution.
The results presented in Figure 5-13 show that a luminescence inhibition of 15% occurs in 
RO water already at an acenaphthene concentration of 170 pg/1; at a concentration of 300 
pg/1, the inhibition is approx. 70% compared to the blank salt solution. In tap water, even at 
an acenaphthene concentration of 340 pg/1, no inhibition could be observed. After 30 min of 
irradiation of the acenaphthene RO water solutions and a decrease of the acenaphthene 
concentrations to below the detection limit, the percentile inhibition was reduced by 
approximately 50%. This indicates that the test solution had a toxic effect on luminescent 
bacteria even after acenaphthene had been removed from the solution. It was concluded that 
by-products formed during the degradation of acenaphthene and that these substances 
were responsible for the measured toxicity. In experiments with tap water, no toxic effect 
was observed, neither before nor after 30 min of irradiation.
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Figure 5-13 Luminescence inhibition of Vibrio fisheri after 30 min contact time before 
(blue) and after (red) irradiation of aqueous solutions of acenaphthene
By-product formation during irradiation o f acenaphthene
During the irradiation of water contaminated with organic compounds, organic by-products 
can be produced through photolysis and oxidation reactions. The by-products for the 
acenaphthene irradiation were classified. For the classification, acenaphthene was dissolved in 
RO water, and the laboratory apparatus was filled with the experimental solution. The 
solution was irradiated with UV light and sampled every 2-3 minutes (conditions: T=20°C,
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ambient oxygen, pH=5.9). Finally, the acidified samples were extracted with methylene 
chloride, and were analysed using mass spectrometry (GC/MS, Fullscan).
Since every single extraction of the low amounts of formed by-products required a sample 
volume of 500 ml and since the volume to be irradiated during the experiments should not be 
too greatly reduced, two experiments, each with a volume of 17.5 1, were carried out. The first 
experiment was carried out over 7 min (sampling after 0, 3, 5 and 7 min) and the second over 
13 min (sampling after 0, 7, 9, 11 and 13 min).
From the produced chromatograms (Figure 5-14) it can be seen that the acenaphthene peak 
decreases during the course of the irradiation and that four new peaks form (the last of which 
is a double peak). During the degradation of acenaphthene (retention time 29.84 min), the 
formation of three unknown substances with retention times of 31.93 minutes, 34.13 minutes 
and 34.26 minutes, as well as acenaphthylene with a retention time of 28.87 minutes can be 
observed. The unknown peaks were to be identified using the generated mass spectrum. In a 
mass spectrum, the masses and relative frequencies of characteristic gaseous particles and 
fragments which have been separated in a quadrupole mass filter are shown.
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Figure 5-14 Chromatograms after 0, 3, 5 and 7 minutes of acenaphthene irradiation
(experiment I)
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Table 5-8 shows the peak aieas fiom the chromatogram illustrated in Figui*e 5-14. It is 
interesting that in Experiment I tr aces of some of the newly foiined substances are present in 
the initial sample, taken before the actual start of the experiment. It is possible that these 
traces stem fiom earlier experimental mns or from contamination of the clrromatograph.
Table 5-8 Peak ar eas of substances formed during inadiation of Acenaphtliene
Peak name Acenaphthene A B C D
RT Imin] 29.84 28.87 31.93 34.13 34.26
Exper. I 0 min 983186 25 0 731 1072
3 min 820228 498 2405 4470 5309
5 min 470281 2874 4292 35996 34648
7 min 153901 3382 2757 68474 37436
Exper. n 0 min 1292181 0 0 0 0
7 min 441367 2361 2782 25853 19014
9 min 36089 2583 3229 103308 27059
11 min 34944 1106 1550 32957 17442
13 min 9452 452 785 14996 7324
The progress of the degradation and formation of the substances detected during UV 
irradiation is presented in Figure 5-15. In the figure to the left, the peak areas at specific times 
are shown for Experiment I, ended at 7 minutes. In this timefr ame, only the fomiation of by­
products can be recognized. Therefore, a second experiment, running 13 minutes, was carried 
out (see figure to the right). It can be seen that the substances formed with delay during the 
degradation of acenaphthene and reached their concentration maximum later in time. This 
means that all the newly formed substances are oxidised further to lower molecular* weight 
compounds as a result of the irradiation. Furthermore it is obvious tiiat even after ace- 
naphtliene has been reduced to less than 90% of its initial concentration, the by-products are 
still being formed or ar e only beginning to be degr aded.
5 Laboratory Results and Discussion 142
120,000
100,000
80,000
60,000
40,000
20,000
irradiation tim e [min]
120,000 -r'
Î 100,000 -
□  Peak A
CQ
1 80,000 -
□  Peak B
6 0 ,0 0 0 ^  
40,000 '
□  Peak D 20,0 0 0 -
□  Peak C
0+
■  A cenaph­
thene il
□  P eak  A
□  P eak B
□  P eak D
□  P eak C
irradiation tim e [min]
I A cenaph­
thene
(For improved presentation the acenaphthene peak area was divided by a factor o f 10) 
Figure 5-15 Peak areas of intermediates formed during irradiation
The mass spectra of the newly formed substances are shown in the following figures. They 
were compared with the mass spectra of the NIST library and discussed with Dr. Sacher 
(Technologiezentrum Wasser, Karlsruhe -  Department of Chemical Analysis) [SACHER 
2005]. With a retention time of 28.87 min, peak A could be identified as acenapthylene on 
account of its characteristic mass of 152. Because of its higher molar absorbance coefficient, 
the acenapthylene could be degraded again after a short irradiation time. The formation of 
acenapthylene during the irradiation of acenapthene is also described by Beltràn [BELTRAN 
et al. 1996].
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At a retention time of 31.93 min, the mass spectrum of peak B shows mass fragments of 132 
and 104. According to Sacher., this could indicate the presence of either 1-indanone or 5- 
methyl-1 -tetralone. Based on the observed mass peak at 160, it is, however, likely to be 5- 
methyl-1 -tetralone [SACHER 2005].
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Similarly, the peak with a retention time of 34.13 min might be attributable to either one of 
the two substances: 3-acetyl-2-hydroxy-6-methyl 4H-pyran-4-on or 2,5-dihydroxy-3,6- 
dimethyl-1,4-benzoquinone. According to Sacher, the likelihood is greater that the observed 
peak is 2,5-dihydroxy-3,6-dimethyl-1,4-benzoquinone.
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It was not possible to identify peak D with reasonable certainty. According to the NIST 
database, the peak might be o-hydroxybiphenyl, a substance also identified by Beltràn as a
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by-product of acenaphthene degradation. The detected mass at 152, on the other hand, would 
appear to contradict this conclusion.
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The results show that it is not sufficient to analyse only the acenaphthene concentration 
during irradiation since no complete mineralisation took place and by-products formed, still 
exhibiting aromatic character. Detailed analysis of these products would go beyond the scope 
of this work, but it has to be taken into consideration that the by-products were still forming 
or reached their maximum at a time when acenaphthene was degraded by more than 90%. 
This is a possible explanation for the above-mentioned observation of the toxic effect to the 
luminescent bacteria Vibrio fisheri even after acenaphthene had been completely removed 
from the irradiated solution.
5.3.1.2 Vinyl Chloride UV Irradiation
Two irradiation experiments in RO water (initial pH 5.8, ambient oxygen concentration, 
20°C) were carried out with vinyl chloride (VC) solutions of various concentrations. 
Experiment A, with an initial concentration of 1 pmol/1, which corresponds to a mass 
concentration 62.5 pg/1 (Mvc = 62.5 g/mol), lies in the concentration range in which it is found 
at the gas works site. Gaseous VC was injected directly into the apparatus filled with RO 
water using a gas-tight Hamilton syringe. Based on a molar volume of 22.4 1/mol under 
standard conditions (25°C, 1013.25 hPa) a dosage volume of 0.4 ml VC was used. For 
homogenisation, the solution to be irradiated was agitated with a magnetic stirrer and pumped 
through the closed-loop system for 30 min before igniting the UV lamp.
A significantly higher initial concentration in the mg/1 range was selected for experiment B. 
The experimental solution was mixed and circulated for 30 min prior to the start of the run, as 
it was in the previous experiments. The higher initial concentration made it possible to 
examine the mineralisation of the VC (degradation of TOC) as well as to investigate whether 
the initial concentration of VC played a role in the rate of degradation. The initial concentra­
tions and dosages are presented in Table 5-9. It is obvious that there were losses in 
Experiment A during the addition of the VC resulting from the small dosage. Because of the 
low initial concentration in Experiment A, no TOC was measured. The dosage in Experiment 
B, on the other hand, yielded a solution concentration that agreed well with the anticipated 
concentration. 30 ml of VC were added, which mathematically should produce a solution with 
a concentration of 4.78 mg/1. The analytically measured initial concentration was 4.70 mg/1.
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Table 5-9 VC Irradiation: Initial concentrations
Dosage 
(in 17.5 1)
V C
C o, calculated
V C  
C o, measured
TOC 
Co calculated
Experiment A 
Experiment B
0.4 ml 
30 ml
62.5 pg/1 
4.78 mg/1
25 pg/1 
4.70 mg/1
6.5 pg/1 
1.8 mg/1
The VC degradation results are presented in Figure 5-16. The degradation rates can generally 
be considered to be good; in Experiment A VC was no longer detectable after 30 min 
irradiation time, and in Experiment B, all VC had been removed after 50 min of irradiation. 
The reaction rates, calculated form the normalised concentration data, reveal that the 
degradation rate in Experiment B (in which the initial concentration was 188 times as high as 
in Experiment A) was approximately half as fast as in Experiment A.
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Figure 5-16 Vinyl chloride degradation by UV irradiation in reverse osmosis water
The half-lives for VC calculated from the regression lines were 6.9 min for Experiment A and 
10.7 min for Experiment B. Such high degradation rates were unexpected because VC does 
not absorb light with a wavelength of 254 nm. Under these conditions, the degradation must 
be caused either by direct photolysis at 185 nm or by hydroxyl radicals produced in the 
photolysis of water. The indirect proof of the presence of hydroxyl radicals through the 
measurement of hydrogen peroxide has been described in the literature [HAN et al. 2002, 
KANG et al. 2003, NEUMANN et al. 2004].
As previously discussed, H2O2 is not only formed from the recombination of OH radicals, but 
rather, the reaction of hydrogen atoms with molecular oxygen leads to the production of 
hydroperoxyl radicals (H-O-O*) which react further with organic material to yield H2O2. In 
Figure 5-17 which follows, the measured hydrogen peroxide data from Experiment B are 
presented as an example. It can be seen that the increase in the concentration of hydrogen 
peroxide is proportional to the reduction in the oxygen concentration. After approximately
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65 min, the maximum hydrogen peroxide concentration is reached (c = 2.5 mg/1 = 0.073 
mmol/1). From this point on, the oxygen concentration rises again, a phenomenon which can 
be explained by the decomposition of the hydrogen peroxide when irradiated as shown in the 
following equation.
H2O2 + h*v —> H2O + V2 O2 Eqn. 5-9
i
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Figure 5-17 Hydrogen peroxide and oxygen concentration during 
VC irradiation (Experiment B)
The pH and redox potential were measured throughout Experiment B. The results showed that 
3 min after the lamp was turned on (this corresponds to the time necessary for the lamp to 
warm up), the pH of the irradiated solution began to fall. This indicated the start of 
mineralisation which resulted in the production of acidic intermediate products (see Figure
5-20). After approximately 40 min of irradiation, the pH value stabilised at a value of 4.1 (see 
Figure 5-18).
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pH Oxygen [mg/1] Redox [mV]
0 min 5.84 8.72 + 173
60 min 4.09 3.63 + 225
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Figure 5-18 Redox potential and pH during irradiation of VC (Experiment B)
The measured values of the redox potential began to climb immediately following the start of 
irradiation from an initial value of +173 mV and reached a maximum value of +250 mV 
within approximately 15 min. This increase cannot be explained entirely by the formation of 
hydrogen peroxide, because its maximum is only reached after ca. 65 min irradiation time. It 
is likely that other oxidative intermediate products were formed which could not be detected 
due to the limitations of the analytical techniques.
The measurement of the organic carbon content of vinyl chloride itself (t = 0 min) was not 
possible because the VC was stripped during the TOC measurement (in a first step: 
acidification and purge of inorganic carbon). A surrogate TOC value was obtained by 
calculating the organic carbon concentration in the initial solution from the measured VC 
concentration (see Table 5-9). It was not until the irradiation was underway that non-volatile 
intermediates were formed, the carbon content of which could be determined using LC-OCD. 
The measured TOC reached a maximum after 30 min; after 120 min, all organic material was 
completely mineralised.
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Figure 5-19 Calculated and detected TOC during irradiation of VC
The chromatograms in which the TOC is separated by molecular weight fractions (building 
blocks, low molecular mass organic acids and neutrals) are shown for irradiation times 1 0 , 2 0 , 
30, 50, 80 and 100 min in Figure 5-20. The complete data are presented in Appendix D. In the 
lower part of the figure, the peak areas determined from the chromatograms are shown for 
each weight fraction through the irradiation time. Addition of the individual fraction results 
produced a value for the “Total TOC”. From the results presented in Figure 5-20 it becomes 
evident that the oxidation of vinyl chloride happens stepwise via alcohols, aldehyds, mono- 
carboxylic acids and di-carboxylic acids to CO2. With each introduction of a -COOH group 
the reactivity of the molecule changes due to I- and M-effects.
For the further specification of the results, the investigations of Gürtler et al can serve as a 
basis. They investigated the degradation of chloroethenes in the gas phase by irradiation with 
a low pressure mercury lamp in an oxygen atmosphere and found out that degradation 
efficiencies directly depended on the number of chlorine atoms both at 185 and 254 nm where 
the quantum yields for degradation increased from 2-3 for vinyl chloride to > 100 for tri- and 
tetrachloroethene at 185 nm. During irradiation of vinyl chloride the following photooxidation 
products were detected: formyl chloride, monochloroacetaldehyde, acetylene, carbon 
monoxide, carbon dioxide, monochloroacetyl chloride, hydrochlorid acid*, formic acid*. The 
primary formed formyl chloride is photochemically and thermodynamically unstable and 
decomposes to CO2, CO and HCl or hydrolyses to formic acid in the presence of water 
vapour [GÜRTLER et al. 1994].
The experiments with model water were performed to establish whether the main contami­
nants at the gas works site, acenaphthene and vinyl chloride, could generally be degraded by 
irradiation. The results show that acenaphthene was degraded faster due to the fact that its
in the presence o f  water vapour
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absorption band overlaps with the emission line of the UV lamp. From this finding it is not 
possible to draw the conclusion that similar degradation rates can be achieved in situ due to 
the contaminant cocktail and the high TOC content present in the groundwater. The results 
can, however, serve as a basis to evaluate the background matrix present in the groundwater 
as described in the following chapter.
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Figure 5-20 Molecular weight distributed TOC chromatograms of VC irradiation
5 Laboratory Results and Discussion 150
5.3.2 G ro u n d w a te r  R esults
In the laboratory irradiation device described in chapter 4.2, various methods were evaluated 
for their suitability for the removal of the main contaminants at the gas works site (see Figure 
5-21). First of all, UV irradiation as an individual method was tested. Later, Advanced 
Oxidation Processes (AGP) based on UV irradiation were employed to create highly reactive 
hydroxyl radicals (see chapter 3.3). The following Advanced Oxidation Processes were tested: 
UV/aeration, UV/H2O2 and UV/ozone. As a blank experiment, the oxidant was utilized 
without additional UV irradiation in each method.
Single T rea tm en t 
Process UV Irra d ia tio n
O xidation w ith 
H2O2
2 0
mg/1
O xidation  w ith
Ozone
4 6 8
mg/1 mg/1 mg/1
C om bination  o f UV 
w ith O xidan t
UV Irra d ia tio n  
+ A eration
UV Irrad ia tio n  
+ H2O2
10 an d  20 mg/1
UV Irrad ia tio n  
+ O zone
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Figure 5-21 Overview of experiments performed with groundwater
5.3.2.1 UV Irra d ia tio n
The measurements of contaminant reduction by UV irradiation were performed with 
groundwater samples taken on the day of test from the influent to the remediation plant. No 
additional contaminants were added to the groundwater. The groundwater was transported to 
the laboratory and immediately filled into the irradiation device without causing turbulence. 
Then, the irradiation device was sealed. After the thermostat had been switched on, the test 
solution was circulated for approx. 15-20 min to reach a temperature of 20° C and the online 
measurements started. At that point, samples of the 0 min value (not irradiated) were taken. 
Then the UV lamp was ignited and after 3 min of heat-up, during which no constant photon 
flux is yet emitted, the first irradiated sample was taken. The contaminant concentration 
measured at that point of time served as a reference value Co for the determination of the 
relative contaminant degradation.
The contaminant concentrations measured at different times are presented in Figure 5-22. The 
acenaphthene concentration was 27 pg/1 at the beginning of the test, followed by VC with 5.9 
pg/1, benzene and acenaphthylene with 4.1 and 2.8 pg/1 each. The PAH fluorene, fluoranthene
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and pyrene were detected in concentrations of < 0.3 pg/1 at the beginning of the test, during 
the following sampling, they could no longer be detected as their concentrations had fallen 
below the detection limit of 10 ng/1. Due to this low initial concentration, no statement can be 
made as to their degradation rate. The other representatives of PAH were degraded more 
quickly than benzene and VC by UV irradiation. Thus, the concentration of acenaphthylene 
was reduced by 100% and that of acenaphthene by 99% after an irradiation time of 60 min.
The substances benzene and VC were removed only by approx. 75% within the same period 
of time. After a test time of 120 min, no VC could be detected in the groundwater. Benzene 
was poorly degradable by UV and completely degraded only after 240 min of irradiation.
Table 5-10 Concentrations of groundwater contaminants during UV irradiation
Time in Concentration in pg/1
min Acenaphthene VC Benzene Acenaphthylene
0 27.0 5.9 4.1 2 .8
3 (co) 25.0 5.5 3.9 2.7
15 14.0 4.0 3.1 1 .2
30 5.8 2 .8 2.3 0.4
45 3.1 1.9 1 .6 0 .1
60 1 .2 1.5 1.1 0 .0
1 2 0 0.3 0 .0 0 .6 0 .0
□  Acenaphthene □  VC ü  Benzene □  Acenaphthylene
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Figure 5-22 UV Irradiation: degradation of groundwater contaminants
An assessment of the results with respect to the experimentally determined molar absorption 
coefficients at 254 nm of PAH, benzene and VC (see chapter 5.1) and with the expectation of 
a photolytic degradation results in a good agreement. Benzene and VC with the lowest 
absorption coefficients showed the slowest degradation, followed by acenaphthene and
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acenaphthylene. Due to the low initial concentrations of pyrene, fluoranthene and fluorene, no 
statement can be made for these substances.
The target value of remediation of the contaminated groundwater at the former gas works site 
was set to 0.2 pg/1 for PAH and 1.0 pg/1 for benzene. To reach these concentrations in the 
laboratory device at a volume of 17.5 1 to be irradiated, an irradiation time of approx. 120 min 
was required. This results in an energy consumption of approx. 240 Wh/17.5 1 corresponding 
to 13.7 kWh/m^ with an electric power input of the UV lamp of 120 W.
After 20 min of circulation of the reduced groundwater, an initial oxygen concentration of 
approx. 1.8 mg/1 and a redox potential of -80 mV were measured (see Figure 5-23). The tests 
were deliberately conducted with such low oxygen concentrations to reproduce the in situ 
conditions in the laboratory. Immediately after the ignition of the UV lamp, the concentration 
of the oxygen which was required for the mineralisation of organic substances decreased, and 
after an irradiation time of 1 2 0  minutes oxygen was almost completely consumed. 
Simultaneously, the redox potential increased to almost +80 mV, a fact which supports the 
assumption that intermediate products with a higher oxidation potential such as organic 
peroxyl radicals or hydrogen peroxide were formed. After approx. 30 min of irradiation, the 
redox potential decreased and fell to a value of -25 mV after 120 min.
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+4esE
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Figure 5-23 UV irradiation: oxygen concentration and redox potential of groundwater
The observation of the SAK254 over the course of the irradiation suggests the short-term 
formation of UV active intermediate products. The SAK254 increased within the first 
3 minutes of irradiation from initially 13.6 m‘* to 15.9 m*'; then it sinks again to a value of 
9.0 m ' after an irradiation time of 120 min (see Figure 5-24). The total reduction of the 
SAK254 can be considered as low.
The case is different with the SSK254 which increases immediately after the ignition of the UV 
lamp, starting from an initial concentration of 17.7 m '. As this measurement captures also the
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absorption and scattering of undissolved particulate substances, this increase is mirrored in the 
increase in turbidity (see Figure 5-25).
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Figure 5-24 UV irradiation: SAK254 and SSK254 of groundwater
Prior to irradiation, a turbidity of 2.3 NTU was measured in the groundwater. After 15 min of 
irradiation, this value increased to 9.1 NTU and after another 15 minutes to 9.5 NTU (see 
Figure 5-25, left). In the further course of the irradiation, a slight decrease in turbidity to a 
value of 8  NTU was observed. Measurements of the bivalent and trivalent iron species 
showed that the increase in turbidity was accompanied by the oxidation of the bivalent iron 
present in the groundwater in a concentration of >3.0 mg/1 to insoluble trivalent iron 
compounds (see Figure 5-25, right). After an irradiation time of only 15 min, the proportion 
of trivalent iron was increased from initially approx. 1 0 % to 8 6 % of the total iron.
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Figure 5-25 UV irradiation: turbidity and iron (II/III) measurements of groundwater
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In the further course of the experiment, a slight reduction of the total iron concentration was 
observed. This is probably due to the fact that oxidised iron species precipitated at the interior 
surface of the test device, thus being withdrawn from the aqueous system. After the 
experiment was completed and the magnetic stirrer and the pump were switched off, reddish- 
brown iron precipitates could be detected at the cooling coils in the storage vessel of the 
irradiation device (see Figure 5-26). These precipitates were removed by rinsing with 10% 
HCl prior to the next experiment. No visible precipitates had formed on the quartz envelope.
Figure 5-26 UV irradiation: iron precipitations
The abovementioned formation of hydrogen peroxide (see eqn. 5-11 and 5-12) during UV 
irradiation with the presence of molecular oxygen could be observed again in this experiment 
(see Figure 5-27). The maximum hydrogen peroxide concentration was, however, measured 
only after approx. 70 min of irradiation. This supports the assumption that the increase of the 
redox potential as described in Figure 5-23 is not primarily caused by the formation of 
hydrogen peroxide but by the formation of other oxidative species.
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(left: hydrogen peroxide in mg/1; right: hydrogen peroxide in comparison to oxygen consumption in mmol/1) 
Figure 5-27 UV irradiation: formation/degradation of hydrogen peroxide
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Prior to irradiation, the groundwater sample had a total organic carbon content (TOC) of 
4.8 mg/1 (see Figure 5-28). The mineralisation of the organic compounds present in the 
groundwater, mainly consisting of humic substances, is low when using UV irradiation only. 
After an irradiation time of 120 min, the TOC content was measured to be 4.0 mg/1, 
corresponding to an elimination of 16%. At this point of time, the oxygen contained in the 
groundwater was consumed to such an extent (c < 0 .1  mg/1) that prolonged irradiation in all 
probability did not lead to a significant further TOC elimination.
80 100 120 
irradiation time [min]
Figure 5-28 UV irradiation: TOC concentration of groundwater
The components of the total organic carbon (TOC) which were present in dissolved form 
(DOC) were chromatographically separated according to their molecular size, using size 
exclusion chromatography (SEC). This separation of the DOC revealed that the groundwater 
(before irradiation) mainly consists of humic substances. During the irradiation of the 
groundwater, mainly the natural organic matter (NOM) is oxidised in competition to the 
contaminant molecules originally to be irradiated. Figure 5-29 provides an overview of the 
individual organic carbon components of the NOM, followed by a characterisation of the 
fractions of the chromatographable proportion of the dissolved organic carbon (CDOC).
Humic Substances (MS)
Humic substances are a heterogeneous mixture of biogenic substances with a high molecular 
weight. They form in conversion and degeneration processes of natural substances resulting 
from dead or excreted plant, animal or microbial matter. Humics must be regarded as a class 
of compounds with specific properties which can be characterised only with statistical 
methods; therefore no chemical formula can be given for humics. There are, however, 
suggestions describing the occurrence and type of the functional groups and bindings 
[HUBER 1992, FRIMMEL 1998].
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Figure 5-29 Classification of organic carbon in natural organic matter 
Building blocks (HS hydrolysates)
The HS fi*action is overlain by broad shoulders. Shape, concentration and UV activity varies. 
This suggests that the shoulders are sub-units (building blocks) of HS, with molecular weights 
between 300-450 g/mol. Building blocks are perhaps weathering and oxidation products of 
HS. Further degradation, e.g. oxidation, leads to the formation of carboxylic acids. The 
proportion of HS hydrolysates in natural waters amounts to 10-20%.
Low-Molecular Weight (LMW) Neutrals
According to theory, only low-molecular weight weakly charged hydrophilic or slightly 
hydrophobic (“amphiphilic”) compounds appear in this fraction, like alcohols, aldehydes, 
ketones, amino acids. The hydrophobic character increases with retention time.
Low-Molecular Weight (LMW) Organic Acids
LMW organic acids are always oxidation products which result from the degradation of TOC 
and form at a later stage of oxidation. They are quickly oxidised further, and in most cases, 
they cannot be detected in biologically depleted waters such as groundwaters. Their peak 
corresponds to the summaric fraction for all free mono- and diprotic low-molar-mass organic 
acids. In this fraction all aliphatic low-molecular-mass organic acids co-elute due to an ion 
chromatographic effect. A small amount of humic substances may fall into this fi’action and 
has to be subtracted on the basis of the spectral absorption coefficient SAK2S4/organic carbon 
ratios.
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As early as in 1976, Weindel and Maier recorded so-called oxidation spectia and could show 
that the oxidation of organic water components depends to a large extent on the type of 
organic substance to be oxidised [WEINDEL and MAIER 1976],
Brinlonann examined the solar degiadation of humic substances and discovered that die 
oxidation of humic substances is effected mainly via the fomiation of LMW intennediates 
such as building blocks. Subsequently, organic acids (C, -  Cg) aie formed, representing the 
highest oxidation state of organically bonded carbon. Further oxidation yields water and CO2 .
Humic substance => Building Blocks Acids => CO2
For the solar degiadation of NOM, he was able to detect the following organic acids, sorted 
by their concentration in descending order: foniiic acid, acetic acid, malonic acid and oxalic 
acid [BRINKMANN 2003].
The results of the SEC of the contaminated groundwater talcen fi-oiii the gas works site are 
presented in Figure 5-30. The influence of the UV iiTadiation on the individual molecular 
weight fi actions of the dissolved organic carbon can be clearly seen^
During the course of the iiTadiation, the fraction of humic substances (HS) decreases 
significantly, accompanied by an increase in the building blocks (BB) and the fraction of 
acids. For quantification, the peak areas of the individual fractions were analysed. The 
measured concentrations of organic carbon of the main fr actures are represented over the time 
of experiment in Figure 5-31. The complete data is presented in Appendix E.
In the unirradiated groundwater, the proportion of clir'ornatographable DOC of the total 
organic carbon content (TOC) is in the range of 80%. Approx. 40% of it are humic 
substances, and another almost 40% can be allocated to the fr action of building blocks. The 
proportion of organic acids is negligible with 43 pg/1. During iiTadiation over a period of time 
of 120 minutes, the concentrations of humics were reduced by approx. 50%, accompanied by 
a parallel increase of building blocks by 15% and of organic acids by almost 400% to 
167 iig/1.
 ^It has to be noted tliat the SEC results do not capture tlie total amount of the dissolved organic carbon, but only 
the cliromatographable hydiopliilic proportion (CDOC).
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Figure 5-30 UV irradiation: DOC chromatograms of groundwater
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organic carbon [gg/1]
Time,m in TOC CDOC HS BB A cids
0 4599 3735 1542 1392 43
30 4524 3669 1138 1510 112
60 4289 3458 914 1553 158
120 3989 3348 721 1596 167
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Figure 5-31 UV irradiation: molecular weight distributed DOC 
measurements of groundwater
For the blank experiment conducted to measure the substance loss by outgassing or 
adsorption at the inner surfaces of the glass test device, the procedure was exactly the same as 
in the irradiation experiment with the only difference that the lamp was switched off. For the 
PAH acenaphthene and acenaphthylene, a concentration reduction of 16% was measured, the 
volatile substances benzene and VC had a recovery rate of 100% after a test time of 
120 minutes. The results of the blank experiment are not considered in the results presented 
for the irradiation experiment.
S.3.2.2 Combined Treatment: UV Irradiation/Aeration
The preceding chapter showed that the small amount of oxygen in the reduced groundwater 
was completely consumed within an UV irradiation time of 120 minutes. In the following 
experiment, the oxygen required for the decomposition of organic matter was provided by 
aeration with purified air. Approx. 15 minutes prior to the ignition of the UV lamp, aeration 
was started and continued during irradiation. The oxygen concentration of the reduced 
groundwater was thus increased from initially 2 mg/1 to 9.2 mg/1, a level that could be 
maintained during the complete irradiation time (see Figure 5-32).
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Figure 5-32 UV/aeration of groundwater: oxygen concentration
Before it was possible to determine the influence of the oxygen supply on the photolytic 
degradation of contaminants, a blank experiment was conducted during which the test 
solution was aerated without simultaneous UV irradiation. This was necessary to determine 
the elimination of the volatile substances benzene and VC with Henry’s law coefficients of
0.2 and 0.04 mol/kg*bar by stripping during aeration [SANDER 1999]. To prevent pressure 
generation, the test vessel was not sealed with a plug as was the case in the tests with 
irradiation only.
After 120 minutes, 45% of benzene and 84% of VC were removed from the groundwater by 
aeration only (Figure 5-33). Blank experiments in the closed system showed a recovery rate of 
the two substances of 100% (see chapter 5.3.2.1). The concentrations of the PAH ace­
naphthene and acenaphthylene were reduced by approx. 2 0 %, which is approximately the 
same removal rate as in the blank experiment with circulation only. From this it was deduced 
that PAH were removed fi-om the aqueous system by adsorption, e.g. on the glass of the test 
device. This means that no stripping of the PAH occurred.
The reduction of the concentrations of the contaminants acenaphthene, acenaphthylene, 
benzene and VC determined in the blank experiments and given in Figure 5-33 is not yet 
included in the following UV/aeration experiments.
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Figure 5-33 Blank experiment: aeration of 
groundwater
The reduction of the contaminant concentrations of the UV/aeration experiments is given in 
Figure 5-34. For acenaphthene, a test time of 60 minutes results in the complete elimination 
of this substance from the groundwater. In comparison, single treatment with UV irradiation 
reduced the acenaphthene concentration by 95% after 60 min. Acenaphthylene, initially 
present at a concentration of only 0.55 pg/1, was no longer detectable after 15 min. The 
substances benzene and VC were removed from the groundwater or reduced to concentrations 
near the detection limit within 90 minutes.
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Figure 5-34 UV/aeration of groundwater: contaminants degradation
Considering the elimination of benzene and VC by aeration only (Figure 5-33), it follows that 
the seemingly faster degradation of benzene and VC observed in the combined UV/aeration 
method in contrast to UV irradiation only was achieved by stripping of these volatile
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substances and not by UV oxidation. Regarding the contaminant degradation, the UV/aeration 
method provides only a small improvement in contrast to UV irradiation only.
A comparison of Figure 5-22 with Figure 5-34 (right) shows that the additional aeration has a 
positive effect on the degradation at least of the two main contaminants acenaphthene and 
acenaphthylene due to a reduction of the reaction times by 15 min and 45 min, respectively.
Based on these results, no statement can be made as to the completeness of the degradation,
i.e. the mineralisation of the individual substances. After the removal of the contaminants, the 
aeration and UV irradiation of the test solution were thus continued and the reduction of the 
organically bonded carbon was measured by a determination of the sum parameter TOC.
Figure 5-35 shows the results of the TOC degradation during the UV/aeration experiment in 
comparison to UV irradiation only and the respective blanks. During the first 120 minutes of 
the test, no advantage of groundwater aeration could be determined. In aerated as well as in 
unaerated groundwater, a TOC reduction of almost 20% could be observed during the first 
1 2 0  minutes.
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Figure 5-35 UV/aeration of groundwater: degradation 
of TOC in comparison with UV only
After a time of approx. 120 min, the dissolved oxygen was consumed in the experiment with 
UV irradiation only (see Figure 5-23); therefore no significant further elimination of TOC was 
expected. With additional aeration, complete degradation of TOC could be achieved as can be 
seen in Figure 5-36. In this case, irradiation times of >4000 min were required and these 
results are thus irrelevant for practical use.
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Figure 5-36 UV/aeration of groundwater: TOC
measurements (long term experiment)
The evaluation of the individual fractions of the molecular weight of the DOC (Figure 5-37) 
shows a faster degradation kinetics of the humic substance fraction than is the case with single 
UV treatment (compare Figure 5-38 with Figure 5-31). After 300 min of irradiation approx. 
2 0 % of the initial concentrations are still present.
The fraction of the building blocks reaches a concentration maximum at approx. 45 min. In 
contrast to humic substances, the degeneration of the building blocks is effected more slowly. 
After 300 min of irradiation more than 60% of the initial concentration are still present (for 
full data see Appendix E).
In general this long term experiment showed that all organic compounds present in the 
groundwater can be mineralised using UV irradiation. In some cases, however, this requires 
an extremely high amount of energy.
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Figure 5-37 UV/aeration of groundwater: DOC chromatograms
5 Laboratory Results and Discussion 165
organic carbon [p,g/l]
Time,m in TOC CDOC HS BB A cids
0 4278 3418 1420 1140 64
45 4219 2833 851 1218 81
90 3690 2435 647 1107 65
300 2720 1444 279 722 6
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3900 150 102 0 28 3
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Figure 5-38 UV/aeration of groundwater: molecular weight
distributed DOC measurements
Figure 5-39 shows the results of the hydrogen peroxide measurements during UV irradiation 
with additional aeration of the groundwater (red curve). A maximum hydrogen peroxide 
concentration of 0.5 mg/1 was measured after an irradiation time of 115 min. In comparison to 
UV irradiation only (blue and pink curve), additional aeration yielded a multiple of hydrogen 
peroxide and the results confirm the observed dependence of the hydrogen peroxide formation 
from the concentration of dissolved oxygen in the test solution (see chapter 5.3.1).
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Figure 5-39 UV/aeration of groundwater: hydrogen peroxide measurements
The measurements of the values for SSK 254 and SAK.254^ were started immediately before the 
ignition of the UV lamp, i.e. after an aeration time of the groundwater of approx. 15 minutes. 
During a testing period of 480 min, the SSK 254 values remained relatively constant on a level 
of approx. 21 m '\ The SA K 254 was reduced from initially 18 m'  ^ to 9.8 m'  ^ after 120 min and 
to 4.8 m'  ^ after 480 min (Figure 5-40). No improvement of the SA K 254 reduction by additional 
aeration in contrast to UV irradiation only could be proven. In both cases, the SA K 254  
reduction was approx. 45% after 120 minutes of irradiation.
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Figure 5-40 UV/aeration of groundwater: SA K 254  
and SSK 254 measurements
See section 5.3.2.5 for definition o f  these terms
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As expected, the bivalent iron present in the groundwater had been partly oxidised even 
before the onset of irradiation (Figure 5-41, left), and after 15 minutes of irradiation, 85% of 
the iron (II) were oxidised to form iron (III). During the experiment, the elimination of iron 
from the aqueous system as observed during single irradiation treatment could be measured as 
well.
During the first 15 minutes of irradiation, an increase in turbidity to approx. 15 NTU could be 
observed, resulting from the oxidation to trivalent iron species (Figure 5-41). The second 
increase in turbidity after an irradiation time of approx. 120 min to a value of 40 NTU (and 
60 NTU after 240 minutes) cannot be explained by the formation of insoluble trivalent iron 
hydroxide alone. Current studies performed in the group of Professor Maier indicate that the 
increase in turbidity might be caused by the precipitation of CaCOa particles since CO2 is 
stripped during aeration, thus shifting the calcite saturation towards the calcite-precipitating 
side. In all the other examined methods, the turbidity values did not exceed 10 NTU with the 
only exception of ozonation where slightly higher values of up to 15 NTU were detected.
Fe2+ Fe3+
HI
0 3 15 30 45 60 90 120 240
irradiation time [min]
Figure 5-41 UV/aeration of groundwater:
15 30 45 60 90 120 240
irradiation time [min]
Fe^ '^ /Fe^ '^  and turbidity measurements
S.3.2.3 Combined Treatment: UV Irradiation/Hydrogen Peroxide
To analyse the influence of single H2O2 treatment on the oxidation of PAH and VC, 1.0 ml of 
30% H2O2 was added to the groundwater in the test device. This experiment served as a blank 
experiment for the following test with UV/H2O2. The H2O2 concentrations during the course 
of the experiment can be taken from Figure 5-42. Approx. 5 min after the dosage of H2O2, the 
test solution was sufficiently mixed and a concentration of 19.2 mg/1 was reached. After 120 
minutes, the H2O2 concentration had fallen to 18.6 mg/1 (ca = 0.3 mg/1 *h'^) without UV 
irradiation.
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Figure 5-42 Blank experiment: H2O2 concentration during 
H2O2 treatment of groundwater
The oxidation of the contaminants by H2O2 treatment only is presented in Figure 5-43. The 
experiment was extended over a period of 8  h, as the degradation kinetics was expected to be 
slow due to the relatively low oxidation potential of H2O2 of 1.78 V (see Table 3-9).
H benzene □  acanaphthylene □  acenaphthene
□  vinyl chloride ■  fluorene
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Figure 5-43 Blank experiment: Contaminant removal during 
H2O2 treatment of groundwater
For the substance class of PAH as well as for benzene and VC, a recovery rate of approx. 
80% was measured after 120 minutes. In the case of PAH, this corresponds to the recovery 
rate measured in the blank experiment without H2O2 (see chapter 5.3.2.1). From this it can be 
concluded that the influence of H2O2 on the degradation of PAH is negligible. The case is 
different with the substances benzene and VC where no reduction of the concentrations was 
observed after 1 2 0  minutes in the experiment without H2O2.
During the treatment with H2O2, the concentrations of VC and benzene were lowered by 18% 
and 14%. Generally it can be observed, however, that no contaminant degradation of practical
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use can be achieved by H2O2 treatment only. Even after a contact time of 8  h, only 45% of 
VC, 41% of fluorene, 37% of acenaphthene and 32% of benzene were removed from the 
groundwater. No reduction of the TOC could be proved by single H2O2 treatment.
In the experiments with the dosage of H2O2 into the test solution, this substance had to be 
destroyed immediately after sampling to prevent further reactions during the period of time 
between sampling and the analytical determination of the contaminant concentrations. For this 
purpose, the substance Na2S2 0 3  and the enzyme catalase are suitable. Investigations into the 
elimination of the H2O2 residual concentration by Na2S2 0 3  based on the following reaction 
mechanism
8  S2O2 + 4 H2O2 —> 8  OH" + 4
showed that 6  g Na2S2 0 3  had to be added to a sampling volume of 1 0 0  ml groundwater for a 
complete removal of H2O2 within a period of time of 5 minutes. With such high concentra­
tions of Na2S2 0 3 , elemental sulphur precipitated in the extracting agent during the extraction 
of the samples. The removal of the residual concentrations of H2O2 using catalase was much 
more likely to yield the desired results, since lower volumes of the catalase suspension were 
required and catalase did not interfere with the following analytical determination of the 
contaminants (for preparation of catalase suspension see chapter 4.3.2.3).
The results of selected catalase dosages into 100 ml of groundwater with a H2O2 concentra­
tion of 20 mg/1 are shown in Figure 5-44. The addition of higher amounts of catalase than 
shown in the figure did not lead to a faster consumption of H2O2. For the UV/H2O2 
experiments conducted on the degradation of contaminants in the groundwater, 0 .1  ml 
catalase suspension per 1 0 0  ml sampling volume was added after sampling, providing a 
sufficient degradation of hydrogen peroxide within the short time of 3 minutes.
0.01 ml/100 ml •0.05 ml/100 ml 0.1 ml/100 ml
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Figure 5-44 Degradation of H2O2 (c = 20 mg/1) in 100 ml 
groundwater by dosage of catalase suspension 
(concentration: 500 units per ml)
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The mechanism of UV/H2O2 treatment of aqueous solutions is based on the generation of OH 
radicals by photochemical decomposition of H2O2 as in the following equations (see chapter 
3.3.5):
2 HO'H2O2 + hv (UV) 
H2O2 + HO" 
H0 2 '+ H 0 2 '
H2O + HO2'  
H2O2 + O2
As can be seen from Figure 5-45, H2O2 absorbs only low quantities of UV light at 254 nm. 
During irradiaton with conventional LP mercury lamps, sufficient amounts of H2O2 (usually > 
10 mg/1) have to be added to ensure that a significant fraction of the UV light between 200 
and 300 nm is absorbed.
log (a / atm ’ cm ’) , ,(H 2O2: e254nm=19 1 m o l CHI )
1000 r
100
1 0
0.1
1 0 0  1 4 0  1 8 0  2 2 0  2 6 0  3 0 0
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Figure 5-45 Absorption spectra of hydrogen peroxide, oxygen, ozone and water 
[Oppenlander 2003]
For the UV/H2O2 experiments with contaminated groundwater conducted in the laboratory 
irradiation device, initial concentrations of 10 and 20 mg/1 H2O2 were selected. The following 
figure shows the progression of these H2O2 concentrations during the irradiation experiments. 
It can be seen that in both experiments approx. 60% of the initial dosage of H2O2 had been 
degenerated after an irradiation time of 60 minutes. Thus, it can be assumed that sufficient 
amounts of H2O2 were present for the production of the highly reactive OH radicals during the 
course of the experiments.
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Figure 5-46 UV/H2O2 treatment of groundwater: H2O2 concentrations during experiments
In the two UV/H2O2 experiments conducted, a minimal increase in the oxygen concentration 
of < 0.3 mg/1 was observed immediately after the addition of H2O2 to the reduced groundwa­
ter (Figure 5-47). After the ignition of the UV lamp, oxygen forms due to side reactions of 
H2O2 with the OH radicals formed during irradiation, accompanied by the formation of 
considerably less reactive hydroperoxyl radicals (see eqn. 3-50 to 3-52). This could be proved 
in the experiment with an initial H2O2 concentration of 20 mg/1 (see Figure 5-47, left). An 
initial concentration of 1 0  mg/1 H2O2 showed that the amount of the oxygen required for 
mineralisation (see eqn. 3-22 to 3-24) exceeded the amount of newly formed oxygen.
Initial H2O2 concentration 20 mg/I Initial H2O2 concentration 10 mg/1
H2O2 dosage
2.5
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0.5
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Figure 5-47 UV/H2O2 treatment of groundwater: oxygen measurements
Figure 5-48 shows a comparison of the degeneration of the contaminants acenaphthene, 
acenaphthylene, benzene and VC during UV/H2O2 treatment with initial H2O2 concentrations 
of 20 mg/1 (left) and 10 mg/1 (right). With both selected H2O2 concentrations, a clear
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advantage of the combined treatment as opposed to UV irradiation only can be observed for 
all the substances analysed (see Figure 5-22). Particularly, this concerns the substances 
benzene and VC which poorly absorb UV light at 254 nm if at all. The benzene concentration, 
for example, was reduced only by 85% during single UV treatment even after 120 min of 
irradiation. By adding 10 mg/1 H2O2 to the irradiated groundwater, benzene as well as VC 
could no longer be detected after only 60 minutes. The dosage of 20 mg/1 H2O2 further 
accelerated the degeneration, and all contaminants present in the ground water were 
eliminated from the test solution after approx. 30 min of irradiation.
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Figure 5-48 UV/H2O2 treatment of groundwater: contaminant removal
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The positive effect of the combined UV/H2O2 treatment could also be observed in the 
elimination of TOC. Single UV treatment resulted in 16% removal of TOC after 120 minutes 
(see Figure 5-28). Treatment with H2O2 only did not eliminate any TOC. The combination of 
these two processes resulted in a TOC elimination of 30% or 40% with a dosage of 10 mg/1 or 
20 mg/1 H2O2 respectively (see Figure 5-49).
♦ 20 mg/110 mg/1
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12080 100 
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Figure 5-49 UV/H2O2 treatment of groundwater: TOC removal
From a qualitative point of view, the DOC chromatograms in Figure 5-50 show peaks at the 
same retention times as in the case of UV irradiation only. Thus, the fractions of molecular 
weight resulting from UV/H2O2 treatment do not differ fundamentally from the fractions 
detected in UV irradiation only.
The significantly faster degradation kinetics of the HS fraction resulting from the addition of 
H2O2 during irradiation can, however, clearly be seen. During the course of the experiment, it 
can be observed in this fraction that the molar mass decreases by a larger degree when 
applying the combined UV/H2O2 treatment than during single treatment with UV irradiation 
(see Appendix E).
Furthermore, it can be observed that the concentrations of the building blocks fraction and of 
the fraction of acids reach a maximum during UV/H2O2 treatment. Conversely, the 
concentrations of these two fractions are still rising during UV irradiation only, a fact that 
indicates a slower formation kinetics as well (compare Figure 5-31 with Figure 5-51).
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OCD: organic carbon detector; UVD: UV detector
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Figure 5-50 UV/H2O2 treatment of groundwater: DOC ehromatograms
(initial H2O2 concentration = 20 mg/1)
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Figure 5-51 UV/H2O2 treatment of groundwater: molecular weight distributed DOC
(initial H2O 2 concentration =  20 mg/1)
After the groundwater had been filled into the test device, the turbidity was measured to be
2.3 NTU. Immediately after the dosage of H2O2, a sudden increase in turbidity to a value of
6.4 NTU could be observed. In the course of irradiation, turbidity decreased again to a value 
of approx. 4 NTU within a period of time of 2 h.
B efore H 2O 2 dosage
-20 0 3 6 10 15 30 45 60 90 120
irradiation time [min]
Figure 5-52 UV/H2O2 treatment of groundwater: turbidity measurements 
(initial H2O 2 concentration = 20 mg/1)
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Resulting fiom the absorption of H2O2 itself, SAK254 increased fi*om initially 23 m'  ^ to 35 m'  ^
after the dosage of H2O2 (c = 20 mg/1). After 120 minutes of irradiation, this coefficient had 
fallen again to a value of 23 m"\ No statement can be made as to whether the SAK was 
caused by organic water components or by hydrogen peroxide itself at tliat point of time, 
since hydrogen peroxide was still present in a concenhation of approx. 3 mg/1 after the 
completion of the experiment.
Toxicity test using Vibrio fisheri assay
During the iiTadiation with UV and also during the UV/H2O2 experiments, the luminescence 
inhibition of the luminescent bacteria Vibrio fisheri was examined. The results of these 
toxicity tests aie summaiised in Appendix F. No inhibition of luminescence could be 
determined at any time of sampling. Neither the original gioundwater nor the gioundwater 
with H2O2 ( 1 0  and 2 0  mg/1) was toxic to the luminescent bacteria, and no negative effect 
could be observed when comparing the test solution with the blank (common salt solution). 
On the contrary, tlie addition of gioundwater resulted in an increased luminescence. With UV 
iiTadiation of tlie test solution, no negative effect could be obseiwed as well.
5.3.2.4 Ozone Treatment
Implementation of in-situ gioundwater ozonation was initially not taken into consideration, 
since ozonation was assessed as a non-passive treatment teclinology by the authorities, thus 
not being adequate for the passive ti eatment concept applied in Karlsiiihe. On the basis of the 
promising results from Beltian et al. (1995) and Rivas et al. (2000) as cited in section 3.1.2.3 
it was nonetheless decided to analyse the removal of vinyl chloride, benzene and PAH fi*om 
contaminated gioundwater by ozone tieatment in laboratory tests. The tests were conducted in 
the laboratory iiTadiation device described above (see section 4.2.1) at a temperature of 20 °C. 
The groundwater samples were taken from the influent of the pilot gate at the day of testing.
Ozonation of tlie gioundwater was caiiied out by adding the proportionate volumes of ozone 
stock solution. Ozone stock solution can be defined as demineralised ozone saturated water. 
An aliquot of this solution was added to the water to be treated with ozone, cai*efully avoiding 
turbulence and degassing (see section 4.3.2.4).
Production o f ozone saturated RO water
For the further design of the tests, it was essential to deteimine the time needed for the 
process of ozone saturation of the RO water. Therefore, water samples were taken fiom the 
test vessel during ozonation of tlie deniineralised water using a sampling tap. The ozone 
concentiations of tlie samples were immediately analysed using the indigo method (see 
section 4.1.2.3). The following figure demonstrates that a satuiation concentration of ca. 
20 mg/1 ozone was reached after approx. 35-40 min.
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Figure 5-53 Saturation of RO water with ozone (pH « 6 )
Having produced the RO water saturated with ozone, the work had to proceed immediately as 
ozone is unstable in water. Ozone decay in aqueous solutions with the formation of OH 
radicals is influenced substantially by the pH value. In the case of pH values below 8 , the 
decay rate is slow. In the pH range between 8  and 10, the half-life of ozone is between 0.5 and 
10 min, and with pH values above 10, ozone decays quickly. The pH of the water is important 
because hydroxide ions initiate ozone decomposition, a process which involves the following 
reactions [STAEHELIN and HOIGNÉ 1982]:
O3 + OH 
O3 + HO2 
O3 + O2"
HO2 + O 2 
"OH + O2" + O2 
O3" + O2
k = 2 .8 x 1 0  ^M's'^
k= 1.6x10^ M‘^ s‘*
For the produced ozone stock solution, the decrease of the ozone concentration was measured 
over time after ozonation had been finished. The following figure shows the half-life of ozone 
in the used RO water of approx. 60 min (Figure 5-54).
time [min]
Figure 5-54 Ozone decay in RO water (pH = 6 )
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Another important aspect was the question of how to remove the ozone residual efficiently 
from the test solution after sampling to prevent further reactions. For this purpose, sodium 
thiosulfate solution (c -  0 .1  mol/1) was added to water samples containing defined 
concentrations of ozone. Immediately after the addition of sodium thiosulfate, the reduction of 
the ozone concentration was measured.
It could be demonstrated that the addition of 5 ml sodium thiosulfate solution was able to 
remove the ozone completely from a volume of two litres RO water (Cozone = 10 mg/1) within 
approx. one minute (see Figure 5-55).
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Figure 5-55 Ozone destruction: dosage of sodium thiosulfate solution 
(c = 0.1 mol/1) per 2 litres of ozonated RO water
During the conducted ozonation tests, 2.5 ml Na2S2 0 3  solution (c = 0.1 mol/1) per litre 
groundwater sample were therefore added immediately after sampling to remove the ozone 
residual.
Groundwater ozonation experiments
Ozone tests with 3 different initial ozone concentrations (4, 6  and 8 mg/1) were conducted. 
Within the first 3 minutes after the addition of ozone, a large proportion of the ozone was 
consumed. Later, the consumption rate slowed down (see Figure 5-56).
In the test with an initial concentration of 4 mg/1 ozone, only 0.16 mg/1 were detected after 
only 5 min, and after 7 min, ozone was completely consumed. An initial concentration of 6  
mg/1 ozone was consumed within approx. 20 min. After the addition of 8  mg/1 ozone, the 
concentration decreased within 3 min to a value slightly above 2 mg/1, then, the ozone 
consumption slowed down and after approx. 1 0 0  min, no ozone was left.
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Figure 5-56 Consumption of ozone during groundwater laboratory experiments
Of all the methods investigated so far (UV, UV/aeration, H2O2, UV/H2O2), ozonation is the 
most efficient method for the removal of PAH and VC.
The dosage of only 4 mg/1 ozone led to a complete removal of vinyl chloride from the 
groundwater after a reaction time of 3 min, a substance which can only moderately be 
degraded by UV irradiation. This is in good accordance with the results of Dowideit et al. 
who stated a half-life of 2.5 s for the reaction of ozone (c = 1 mg/1) with vinyl chloride. They 
found formaldehyde (CHCO), formyl chloride (CICHO) and formic peracid (HCOOOH) as 
the major products of vinyl chloride oxidation by ozone, as can be seen in Figure 5-57 
[DOWIDEIT and SONNTAG 1998].
OH
H— —O—OH
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Cl— O- OH(24)
 ^ HClH-C
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Figure 5-57 Pathway of vinyl chloride oxidation by ozonation
[DOWIDEIT and SONNTAG 1998]
Acenaphthene, a substance which in contrast to the other investigated PAH has a relatively 
low molar absorption coefficient of 1252 l/mol*cm at 254 nm and is thus only moderately 
degraded by UV irradiation, could also be removed efficiently by ozonation. Of all analysed 
substances, fluorene and benzene showed the poorest degradation by ozone. Fluorene was 
removed completely only with a dosage of 6  mg/1 ozone and benzene with a dosage of 8  mg/1.
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Figure 5-58 Ozonation of groundwater (4 mg/1; 6  mg/1): contaminant removal
Beltràn et al. studied the influence of hydroxyl radical scavengers during the ozonation of 
fluorene in comparison with the PAH acenaphthene and phenanthrene. They found as well the 
slowest reaction rates for fluorene. Furthermore, the ozonation of fluorene seemed to be due 
to both direct and mainly hydroxyl radical reactions, whereas for the rest of PAH the 
ozonation develops only through direct reactions with ozone [BELTRAN et at. 1995, 
DOWIDEIT and SONNTAG 1998]. Hoigné and Bader found the scavenging reaction of 
carbonate and bicarbonate ions inhibiting the radical chain reaction by which the ozone 
decomposition is accelerated by many organic trace solutes.
• o h  +  C O 3 ^  OH + CO3"
•o h  +  H C O 3  ■ ^  OH + HC0 3 ^
Thus carbonate stabilises ozone and thereby intensifies the direct reactions of ozone 
molecules with dissolved substances [HOIGNÉ and BADER 1977, HOIGNÉ and BADER 
1983]. This is a probable reason for the poor decomposition of fluorene in the groundwater. 
The groundwater with high concentrations of bicarbonate (320 mg/1 HCO3 ) practically allows 
only a direct oxidation of the contaminants via ozone; the indirect decomposition via radical 
reactions plays only a minor role.
Further research conducted by Hoigné and Bader with the model substance benzene showed 
that this substance reacts only slowly with ozone. Above a pH of 5, benzene was oxidised 
almost exclusively via a prior ozone decomposition, i.e. via intermediately formed OH 
radicals. The following 2"  ^ order rate constants were given for the reactions of O 3, •QH and 
HC0 3  ^with benzene [HOIGNÉ and BADER 1977].
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Table 5-11 Rate constants for the oxidation of benzene
1/mol *s
O3 7
'OH 6 . 7  X 1 0 ’
HCO3' 3x 1 0 ’
Ozonation (8 mg/1) combined with UV irradiation to an advanced oxidation process (AOP) 
resulted in the complete elimination of all contaminants after a reaction time of 6 min.
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Figure 5-59 Ozonation and UV/ozone treatment of groundwater (Cozone= 8 mg/1):
contaminant removal
Typically, ozonation has no strong impact on TOC removal. However, there is a change in the 
qualitative composition of TOC. Humics will get bleached and will be partially destroyed in 
such a way that the average molecular weight decreases. Humics will also become more 
acidic. As side products of humics, ”building blocks”, ketones, aldehydes and -  last but not 
least -  low molecular weight organic acids are formed.
By applying ozone in a dose of 4 and 6 mg/1, TOC was reduced from initially 6 mg/1 to 
approx. 4 mg/1 within 3 minutes of test. The addition of 8 mg/1 ozone did not lead to a 
significant improvement: TOC was reduced to approx. 3.5 mg/1 within the same period of 
time (see Figure 5-62). In all tests, decomposition of TOC was effected within the first 3 
minutes of test. Later, no further elimination of TOC took place.
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From the evaluation of the DOC chromatograms it can be seen that during the first few 
minutes of the ozonation experiment HS and BB tractions decreased, accompanied by the 
formation of acids (Figure 5-61). In the course of the experiments no further mineralisation 
took place, since the added ozone was completely consumed after 19 minutes (compare the 
chromatograms at 7 and 19 minutes and see full data in Appendix E).
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Figure 5-60 Ozonation of groundwater (co == 6  mg/1): DOC chromatograms
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Figure 5-61 Ozonation of groundwater (co = 6  mg/1): molecular weight distributed DOC
measurements
In the combined UV/ozone method, ozone ( 8  mg/1) was eliminated by UV irradiation within 
approx. 10 min. During this time, the elimination of TOC was slower than in the case of 
ozonation only. Even when no ozone could be detected any more, TOC was further 
decomposed by irradiation with UV light, and after 150 minutes of test a TOC value of 
approx. 2 mg/1 was measured. After 1080 min a TOC value of only 0.33 mg/1 (corresponding 
to 94.6% of TOC elimination) was measured.
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Figure 5-62 Ozonation and UV/Ozone treatment: comparison of TOC degradation
The different molecular weight fractions of the DOC were measured also during the combined 
UV/ozone method (Figure 5-63). It can be seen that intermediate products with a lower 
molecular weight form during the first 3 minutes of the test (probably aldehydes or ketones).
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In the course of the test, these substances were oxidised by irradiation and were no longer 
detectable after 50 min (for full data see Appendix E).
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Building Blocks OCD
UVDHumics
Acids and LMW Humics
30
LMW Neutrals
0 min
Ec
Intermediate
>^.2Qoo
c
3 mill
œ
cO)>
toœ ■
10 mill
10
50 min
150 min
18 h
0 0 20 40 60 80 1 0 0
retention time in minutes 
Figure 5-63 UV/ozone treatment of groundwater: DOC chromatograms
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Figure 5-64 UV/ozone treatment of groundwater (Cozone = 8 mg/1): molecular weight
distributed DOC measurements
It was, however, possible to achieve a more complete mineralisation because of the in-situ 
formation of H2O2 (see Figure 5-65) than with UV irradiation only. This in-situ formation of 
hydrogen peroxide could also be observed in the ozonation tests without additional UV 
irradiation, but in significantly lower concentrations of max. 50 pg/1. This formation of 
hydrogen peroxide during ozonation, following the Criegee mechanism, is described in more 
detail in chapter 3.3.4.
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Figure 5-65 UV/ozone treatment: in-situ hydrogen peroxide formation
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For the generation of hydrogen peroxide, formed during irradiation of ozone, the following 
mechanisms are known:
• UV iiTadiation of ozone:
O3 + H2O hv —> H2O2 + O2
• Recombination of OH radicals horn Hie photolysis of water:
H2O + hv (X<190 n m )^  H" + HO* (0 1 7 2  -  0.42)
HO'+HO* H2O2
• Formation via organic radicals in the presence of molecular oxygen. In tliis case, 
mainly the reaction of hydrogen atoms with molecular* oxygen takes place, leading to 
the formation of hydroperoxyl radicals (H-O-O*) which can react further with organic 
matter to form H2O2:
H* + O2 H-O-O"
H-O-O* + H3C-R -> H2O2 + CH2-R'
The maximum concentration of H2O2 could be measured only after more than 100 min of 
inadiation, i.e. long after the complete elimination of ozone. This supports the assumption of 
a formation mechanism via organic radicals in the presence of oxygen as proved by research 
conducted by Yang, Neumann and Robl as already described in chapter 5.3.1.1 [NEUMANN 
et a l  2004, ROBL 2006, YANG 2003].
In addition, another AOP process (UV/H2O2) was initiated by the formation of H2O2 
depending on the DOC of the water. The reaction mechanism of this process is described in 
the preceding chapter.
During ozonation, the oxidation of the dissolved iron present in the groundwater could be 
observed immediately after the addition of ozone, resulting in tlie formation of insoluble 
trivalent iron compounds. This was accompanied by a significant increase in turbidity up to 
turbidity values of 15 NTU (Figure 5-66). The following figure shows the exemplary results 
of the measurements of iron and turbidity at an initial concentration of 4 mg/1 ozone. The 
dosage of higher amounts of ozone led to a similar* irmnediate oxidation of the ferrous iron 
present and to an increase in turbidity. It has to be noted that tlie reduction of the total iron 
concentr ation results fr om the dilution of the groundwater* because of the addition of ozone 
stock solution.
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Figure 5-66 Ozonation of groundwater (co = 4 mg/1): oxidation of iron and turbidity increase
The oxidation from ferrous to ferric iron proceeded slower in the combined UV/ozone tests 
than in the case of ozonation only and was completed after 20 minutes (Figure 5-67). It can be 
assumed that these observations are the result of a so-called photo-Fenton reaction as 
described in chapter 3.3.8. This reaction is based on the photoreduction of ferric iron 
complexes (see eqn. 3-59 to 3-61). The Fe^  ^ formed then reacts with hydrogen peroxide in a 
Fenton reaction and generates highly reactive hydroxyl radicals [BOLTON 2001].
[Fe"\OH)]^^ +
Fe^^+HO*
Fe^  ^+ H2O
[Fe"YOH)]^++Av 
Fe^  ^+ H2O2 —> Fe^  ^+ OH + HO"
F e2+ Fe 3+
time [mm]
i
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Figure 5-67
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UV/ozone treatment of groundwater (co = 8  mg/1): oxidation of iron and 
turbidity increase
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Immediately after the addition of the oxidant ozone, a clear increase of the oxygen 
concentrations of the originally reduced groundwater was observed, reaching values of almost 
20 mg/1. Here again, an exemplary ozone concentration of 4 mg/1 was chosen for graphical 
representation (see Figure 5-68). In the further course of the test, a reduction of the oxygen 
concentration of approx. 3 mg/l*h was measured. The redox potential of the test solution also 
showed a sudden increase from -90 mV to +550 mV after the addition of ozone. It can clearly 
be seen that the redox potential starts to decrease after ozone was consumed. Approx. 50 min 
after the onset of ozone dosage, a constant redox potential of +300 mV was reached.
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Figure 5-68 Ozonation of groundwater (ozone dosage 4 mg/1): oxygen concentration and
redox potential
In the combined UV/ozone experiment, oxygen concentrations of > 20 mg/1 were measured 
immediately after the dosage of ozone. In the course of irradiation, the oxygen which formed 
during the mineralisation of organic substances was consumed at a rate of approx. 4.5 mg/l*h. 
In contrast to ozonation only, the redox potential shows a faster reduction under the influence 
of UV irradiation. A constant potential of +330 mV could be measured already 15 min after 
the start of the experiment.
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Figure 5-69 UV/ozone treatment; redox potential and ozone concentration
The pH value of the groundwater remained constant at 6.9 during the ozonation and 
UV/ozonation experiments. During the ozonation experiments, the spectral absorption 
coefficient (SAK254) of the ozonated groundwaters was determined. In all ozonation tests 
conducted, a reduction of the SAK254 by 50% could be detected within the first three minutes 
of the test. Later, no further SAK reduction took place, independent of the measured residual 
ozone concentration. The DOC results show, however, that there was no quantitative 
oxidation to carbon dioxide and water but only a chemical change of these substances, leading 
to more polar reaction products by partial oxidation, often with lower molecular mass.
In the combined UV/ozone method, the initial SAK254 was reduced from 21.3 m'* to 11.5 m'  ^
within 3 min. Further measurements showed that the SAK254 values did not fall below 10 m‘* 
even after 40 minutes of irradiation.
The results of the SSK 254 showed that no significant reduction could be achieved with 
ozonation only nor with the combined UV/ozone process. Therefore it can be assumed that an 
increase of the particulate components absorbing UV light must have occurred alongside the 
decrease of the organic components dissolved in the groundwater (S A K 2 5 4 ). This assumption 
can be proved by the increase in iron turbidity by oxidation from ferrous to insoluble trivalent 
iron components observed in both processes.
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Figure 5-70 UV/Ozone treatment: UV spectra, SAK254 and SSK254
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5.3.2.S The Role of the Spectral Attenuation Coefficient, SSK2S4
Wlien electi'omagiietic radiation (e.g. light) passes tlu-ough an optical medium (e.g. water), it 
is attenuated due to the absoiption of dissolved substances in the medium (the “colour” of the 
medium” and due to scattering by suspended matter in the medium (the “turbidity” of the 
medium). In the case of UV oxidation of dissolved substances in the water, the water to be 
iiTadiated has to meet certain requirements with regard to its physical and chemical properties. 
In this context, the par ameters SA K 254, SSK 254 and turbidity are of special relevance.
The spectral absorption coefficient SA K 254 is defined as the ratio of the spectral decadic 
absorption, A(l), to the pathlength, d, of the path covered by the radiation. Tliis implies tliat 
SA K 254 is the proportion of the spectral attenuation coefficient (S S K 254) caused by absorption 
by compounds dissolved in an aqueous medium.
SSK 254 is the spectral attenuation coefficient at 254 nm which indicates the degree of 
absoiption of UV liglit by dissolved matter (“color”) and scattering by suspended matter in 
the water (“turbidity”). Turbidity is thus part of tlie spectral attenuation coefficient which is 
important in UV iiTadiation.
The spectral transmission coefficient Td (^) is defined as the quotient of the transmitted and 
the incident radiation in consideration of the spectral attenuation coefficient SSK 254 (in m'^) 
and the patlilength, d (in m). According to the “DVGW Arbeitsblatt W 294”, the spectral 
transmission, Td (1), of a water in dependence of the pathlength can be calculated fi-om the 
spectral attenuation coefficient [DVGW 2006]:
Td (X) =  iQ -ssW d
The conversion of spectral transmission of the same matrix to varying pathlengths di and d2 at 
the same wavelengtli can be calculated with the following formula:
fh.
n x , d , ) = n z j y '
Table 5-12 shows exemplary calculations of the transmission coefficients for SSK254 values 
for pathlengths between 0.1 and 20 m"\ Figure 5-71 gives a graphical representation of the 
results. It can be seen that an increase in SSK254 leads to significant transmission losses and 
even more so in the case of prolonged pathlengths.
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Table 5-12 UV Transmission calculated in % for different SSK at different pathlengths
SSK(m^)
0.005 0.01
penetration depths in m 
0.02 0.04 0.05 0.08 0.1 0.15 0.2
0.1 99.9 99.8 99.5 99.1 98.9 98.2 97.7 96.6 95.5
0.2 99.8 99.5 99.1 98.2 97.7 96.4 95.5 93.3 91.2
0.3 99.7 99.3 98.6 97.31 96.6 94.6 93.3 90.2 87.1
0.4 99.5 99.1 98.2 96.4 95.5 92.9 91.2 87.1 83.2
0.5 99.4 98.9 97.7 9 5 .5 I 94.4 91.2 89.1 84.1 79.4
0.6 99.3 98.6 97.3 94.6 93.3 89.5 87.1 81.3 75.9
0.7 99.2 98.4 96.8 93.8 92.3 87.9 85.1 78.5 72.4
0.8 99.1 98.2 96.4 92.9 91.2 86.3 83.2 75.9 69.2
0.9 99.0 97.9 *95.9 92.0 90.2 84.7 81.3 73.3 66.1
1 98.9 97.7 95.5 91.2 89.1 83.2 79.4 70.8 63.1
2 97.7 95.5 91.2 83.2 79.4 69.2 63.1 50.1 39.8
3 96.6 93.3 87.1 75.9 70.8 57.5 50.1 35.5 25.1
4 95.5 91.2 83.2 69.2 63.1 47.9 3&8 25.1 15.8
5 94.4 89.1 79.4 63.1 56.2 39.8 31.6 17.8 10.0
6 93.3 87.1 75.9 r 57.5 50.1 33.1 25.1 12.6 6.3
7 92.3 85.1 72.4 52.5 44.7 27.5 20.0 8.9 4.0
8 91.2 83.2 69.2 47.9 39.8 22.9 15.8 6.3 2.5
9 90.2 81.3 66.1 43.7 35.5 19.1 12.6 4.5 1.6
10 89.1 79.4 63.1 39.8 31.6 15.8 10.0 3.2 1.0
11 88.1 77.6 60.3 36.3 28.2 13.2 7.9 2.2 0.6
12 87.1 75.9 57.5 33.1 25.1 11.0 6.3 1.6 0.4
13 86.1 74.1 55.0 30.2 22.4 9.1 5.0 1.1 0.3
14 85.1 72.4 52.5 27.5 20.0 7.6 4.0 0.8 0.2
15 84.1 70.8 50.1 25.1 17.8 6.3 3.2 0.6 0.1
16 83.2 69.2 47.9 22.9 15.8 5.2 2.5 0.4 0.1
17 82.2 67.6 45.7 20.9 14.1 4.4 2.0 0.3 0.0
18 81.3 66.1 43.7 19.1 12.6 3.6 1.6 0.2 0.0
19 80.4 64.6 41.7 17.4 11.2 3.0 1.3 0.1 0.0
! 20 79.4 63.1 3&8 15.8 10.0 2.5 1.0 0.1 o.o|
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Figure 5-71 UV Transmission depending on lamp distance at various SSK254
The results of the laboratory tests of the groundwater from the former gas works site showed 
that oxidation of the bivalent iron species present in concentrations between 4 and 6 mg/1 to 
trivalent iron oxide hydrates took place in all methods employed. This was caused not only by 
the use of oxidants, but could also be observed in UV irradiation only. The increase in 
turbidity caused by the formation of trivalent iron species was partially visible even to the 
naked eye.
Figure 5-71 shows, however, that in the case of a pathlength of 1.5 cm which is the maximum 
pathlength in the laboratory irradiation device (Figure 4-9), even at high SSK254 values of 
20 m '\ still 60% of the radiation emitted by the UV lamp is available for oxidation. An 
increase in turbidity, usually accompanied by an increase of the SSK254 value, thus plays only 
a minor role in the laboratory irradiation experiments where the water is pumped in 
circulation.
For an in-situ UV irradiation of the contaminated groundwater, an irradiation zone with a 
diameter of approx. 31 cm is available in the pilot gate (see Figure 4-6). To achieve 
sufficiently long residence times of the groundwater in the irradiated zone, the UV light 
emitted by the UV lamps should penetrate the groundwater with a maximum pathlength of 
31 cm as far as possible [EGGERS et al. 2007].
The groundwater in the pilot gate of the remediation plant exhibits an SSK254 of >20 m '\ 
Figure 5-71 shows that UV light with a wavelength of 254 nm is attenuated to 63.1% after a 
pathlength of 1 cm, to 10% after a pathlength of 5 cm and to only 1 % of the initially emitted 
irradiation after a pathlength of 10 cm at a spectral attenuation coefficient of 20 m '\ A
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significant iiTadiation of the contaminants is thus achieved only in an area of several 
centimetres distance from the individual lamps. This results in the fact that only a fraction of 
the 90 minutes of retention time in the iiTadiation chamber can be used for the desired UV 
inadiation.
The selected distance of 12.5 cm between the individual lamps of a lamp module is thus too 
long since less than 10% of the initially emitted UV light is available for irradiation at the 
point of intersection between two individual lamps (in a distance of 6.25 cm fr om each lamp) 
at a SSK254 of 20 m '\ Between the UV lamps, uniiTadiated groundwater can thus pass.
The UV ti*ansmission of gioundwaters is influenced mainly by humic acids (HA) and iron and 
manganese compounds which are present in the water in dissolved fonn or as suspended 
matter [BERNHARDT et al. 1994]. The proportion of the individual fr actions of these three 
substances which are mainly responsible for UV attenuation was deteimined within the 
framework of a research project of Bernhardt et al. and is presented in the following table:
Table 5-13 Attenuation of UV-light (1=254 nm) by 
non, manganese and humic acids
Mil
Fe
Humic acid-TOC
Concentration
0.05 mg/1 
0.2 mg/1 
2 mg/1
SSK254[m-‘]—•aftaaaasasaa»!—
0.4 
1.1
Transmission 
[%/5 cm]
Attenuation 
[%/5 cm]
95
40
12
60
The gi'oundwater at the foiiner gas works site has an average manganese concentration of 
approx. 0.5 mg/1, an iron concentiution of 4-5 mg/1 and a TOC of 4 to 6 mg/1, mainly caused 
by humic acids. A large proportion of the SSK254 present at this site can therefore be ascribed 
to the manganese and iron concentrations of the groundwater which exceed the concentmtions 
given in Table 5-13 by a factor of 10 and 20-25, respectively. Tliese concentrations alone 
could be responsible for significant transmission losses.
In the case of a humic acid TOC of 2 mg/1, wliich is approx. half of the concentration 
measured at the gas works site, Bernhardt et al. detennined an attenuation of UV light of 60% 
at a lamp distance of 5 cm.
The significant transmission losses detennined at several cm distance from the UV lamp thus 
clearly resulted from the TOC concentration mainly caused by humic acids and the 
manganese and iron concentrations present in the groundwater.
6 Results of Field Investigations 195
5.3.3 Comparison and Economic Assessment of Treatment Methods
The laboratory experiments conducted with contaminated groundwater showed that 
degradation was effected much faster with single ozone treatment than with UV tieatment and 
Advanced Oxidation Processes based on UV. All substances were completely degraded by 
ozonation; only in tlie case of benzene a residual concentration of 0.4 pg/1 remained in the 
gi'oundwater. The high energy demand required for additional hradiation does not, however, 
justify a combination of ozone treatment and UV irradiation to eliminate the residual 
concentration of benzene.
Table 5-14 gives a comparison of the employed methods UV, UV/aeration, H2O2, UV/ H2O2 , 
ozone and UV/ozone for the main contaminants acenaphthene, VC and benzene present in the 
groundwater with respect to the time needed for a 90% removal of the contaminants. From 
these results it becomes clear Üiat the backgiound matiix significantly influences the 
degradation behaviour. A good example is the degradation of acenaphthene: Wliereas a 90% 
reduction takes place within only 6.2 minutes in RO water, nearly 18 minutes of iiTadiation 
aie required for this effect in tap water, and a 90% degradation of acenaphthene in the 
gioundwater even requires 50-60 min due to the high TOC content and the radical scavengers.
Single treatment with UV is not the best option for the degradation of benzene and VC, since 
a reduction of the benzene concentration by 90% is effected tlnee times slower than the same 
reduction of acenaphthene. H2O2 alone is not potent enough to remove the contaminants 
present in the groundwater by oxidation: The addition of 20 mg/1 H2O2 did not result in a 
sufficient elimination even after a contact time of more than 500 minutes. The combination of 
UV and H2O2, however, is a very efficient method, especially with regai'd to benzene, but the 
treatment time required for the VC dégradation could be minimised as well.
Due to the high iron concentiations, an increase in turbidity and thus a reduction of the 
spectial tiansmission of the gioundwater could be detected in all Advanced Oxidation 
Processes based on UV as well as in single UV and ozonation metliods during the gioundwa- 
ter experiments.
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Table 5-14 Comparison of treatment methods for the removal of 90% acenaphthene,
acenaphthylene and vinyl chloride
time for 90% contaminant degradation (min)
contaminant
matrix UV UV + 
Aeration
UV UV 
H2 0 2  + H2 0 2  + H2 0 2  (20 mg/1) (10 mg/1) (20 mg/1)
Ozone 
(8 mg/1)
UV 
+ Ozone 
(8 mg/1)
acenaphthene Ground­water 50-60 45 »  500 33 16-17 <3 <3
acenaphthene Tap water 17.6 - - - - - -
acenaphthene RO water 6.2 - - - - - -
acenaphthylene Ground­water 42 <15 > 240-500 23 13.5 <3 <3
benzene Ground­water 160 67* » 5 0 0 32 20-23 3 <3
vinyl chloride Ground­water 77-85 62* » 5 0 0 35 22-23 <3 <3
vinyl chloride RO water 15-30 - - - - - -
♦effected by stripping
Groundwater 
Tap water 
RO water
Electrical Energy per Order (E eo)
The evaluation of the treatment costs represents a very critical aspect. The overall costs 
comprise the investment costs, the operating costs (including auxiliary oxidants and all other 
supplementary chemicals) and the costs of continuous maintenance. They strongly depend on 
the nature and concentration of the specific pollutants, the water quality, the water matrix, the 
flow rate and the treatment goal.
For a comparison and evaluation of the various oxidation technologies with respect to their 
energy consumption, the “Electrical Energy per Order of Magnitude” ( E e o )  was calculated. 
Eeo is defined as the electric energy required to bring about a reduction of a substance in a 
given volume, e.g. 1 m \ by one order of magnitude. With this parameter, the economics of a 
process can be assessed, enabling a direct comparison of the technologies. E e o  is independent 
of the concentration of the substances and of the volume to be treated. E e o  is also independent 
of the type of process (circulation/fiow-through system) in the case of an identical system and 
lamp output.
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The parameter Eeo depends on the electric power P required to produce tlie UV irradiation 
and/or the oxidants (liydrogen peroxide, ozone), the volume V of the water treated for a 
defined time t, and the degradation rate, i.e. the initial concentration Ci and the final 
concentration Cf. E e o  values for batch operation and low contaminant concentiations can be 
calculated using the following formula [Bolton et al. 2001b]:
^EO P-MOOOF lg(C//Cy)
The results are presented in usual units of kWh iiT  ^order"\ The Eeo for single treatment with 
UV was calculated directly with the abovementioned equation. For the calculation of the Eeo 
in the case of advanced oxidations, tlie oxidant demand was considered as well and the 
electric energy required to produce the oxidant (hydrogen peroxide or ozone) was added. For 
the production of 1 kg hydrogen peroxide (100%), an energy consumption of 10 kWli was 
assumed [Oppenlander 2003]. An energy consumption of 20 kWh was assumed for the 
production of 1 kg ozone; this value was also considered in the calculations for the UV/ozone 
method [Schumacher 2005].
The results of the E e o  figures-of-merit for the treatment methods perfomied in the laboratory 
are sunimaiised in the following tables.
Table 5-15 Laboratory gioundwater experiments: Acenaphthene degradation and E e o
Initial
concentration
[pg/1]
Method Minutes of Treatment for 
50% degradation 90% degradation
Eeo [kWh nT^  order" ]^ 
(S UV + hydrogen 
peroxide + ozone)
7.3 UV 17 60 6.99
27 UV 15.5 50 5.20
9.7 UV/Aeration 12 44 5.10
20 H2O2(20mg/l) » 2 4 0 » >  240 -
75 H2O2 (20 mg/1) » 5 0 0 » >  500 -
33 UV/H2O2 (10 mg/1) 11 33 3.62
13 UV/H2O2(20mg/l) 7 16 1.50
20 UV/H2O2(20mg/l) 7 17 1.96
45 Ozone (4 nig/1) <3 <3 0.002
41 Ozone (6 mg/1) <3 <3 0.003
41 Ozone (8 mg/1) <3 <3 0.004
49 UV/Ozone (8 nig/1) <3 <3 0.17
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Table 5-16 Laboratory gioundwater experiments: Acenaphthylene degiudation and Eeo
hiitial Method Minutes of Treatment for Eeo [kWh m“^  order" ]^concentration
[pg/1] 50% degradation 90% dégradation
(X UV + hydrogen 
peroxide + ozone)
0.56 UV - <30 «
2.7 UV 14 42 3.64
0.55 UV/Aeration <15 <15 _
2.7 H2O2 (20 mg/1) » 2 4 0 » >  240 -
10 H2O2 (20 mg/1) » 5 0 0 » >  500 -
2.5 UV/H2O2(10mg/l) 10 23 2.71
0.58 UV/H2O2(20mg/l) 4.5 10 -
2.6 UV/ H2O2 (20 mg/1) 6.5 13.5 1.45
6.2 Ozone (4 mg/1) <3 <3 0.0002
3.8 Ozone (6 mg/1) <3 <3 0.0003
5.5 Ozone (8 mg/1) <3 <3 0.0004
6.2 UV/Ozone (8 mg/1) <3 <3 0.02
Table 5-17 Laboratory groundwater experiments: Benzene degiadation and Eeo
Initial Method Minutes of Treatment for Eeo [kWh iiT^  order"’]concentration
[gg/1] 50% degradation 90% degradation
(£ UV + hydrogen 
peroxide + ozone)
3.9 UV 29 160 17.02
2.1 UV/Aeration 32* 67* 7.70
4.7 H2O2(20mg/l) » 2 4 0 » >  240 -
22 H2O2 (20 mg/1) » 5 0 0 » >  500 -
6.3 UV/H2O2 (10 mg/1) 12 32 3.81
2.9 UV/H2O2(20mg/l) 8 20 2.19
4.9 UV/ H2O2 (20 mg/1) 9.5 23 2.37
8.5 Ozone (4 mg/1) <3 80% in 3 min 0.01
9.4 Ozone (6 mg/1) <3 5 0.01
8.4 Ozone (8 mg/1) <3 3 0.01
9.2 UV/Ozone (8 mg/1) <3 <3 0.26
* effect due to stripping cannot be excluded
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Table 5-18 Laboratory groundwater experiments: Vinyl chloride degradation and Eeo
Initial Method Minutes of Treatment for Eeo [kWh m"^  order"’]concentration
[pg/1] 50% degradation 90% degradation
(E UV + hydrogen 
peroxide + ozone)
21 UV 32 85 9.36
6 UV 33 77 11.17
10 UV/Aeration 28* 62* 6.00
8.3 H2O2(20mg/l) » 2 4 0 > »  240 -
3.3 H2O2(20mg/l) >500 »  500
5.9 UV/ H2O2 (10 mg/1) 13 35 3.65
14 UV/H2O2 (20 mg/1) 9.5 23 1.95
9.5 UV/ H2O2 (20 mg/1) 9.5 22 1.96
4.2 Ozone (4 mg/1) <3 <3 0.0002
11 Ozone (6 mg/1) <3 <3 0.0003
6.3 Ozone (8 mg/1) <3 <3 0.01
8.6 UV/Ozone (8 mg/1) <3 <3 0.21
* effect due to stripping cannot be excluded
In the case of single UV iiTadiation, the lowest Eeo of 3.6 kWh order"’ was calculated for 
die reduction of acenaphthylene by one order of magnitude, a substance which was present in 
the groundwater in concentrations < 10 pg/1. Acenaphthene, exhibiting a lower molar 
absorption coefficient at 254 nm, required approximately twice as much energy (Eso: 5.2-7.0 
kWh m"^  order"’), depending on the initial concentration. Vinyl cliloride and benzene exhibited 
an E e o  of approx. 10 and 17 kWh m"^  order"’.
The combination of UV and H2O2 improved the energy balance, resulting in Eeo figures-of- 
merit below 4 kWli m"^  order"’ for all pollutants. The combined method thus brings about a 
significantly higher improvement for the substances VC and benzene than for the PAH with 
their initially lower E e o  for the UV process. The energy required for the production of H2O2 
was negligible. The energy required for the UV-based OH radical generation was low as well, 
since degradation with the combined process took less than half the time as degradation by 
irradiation only. The fastest degradation of all contaminants was achieved by ozonation, and 
the best results, i.e. the lowest values for the Electiical Energy per Order of Magnitude were 
calculated for tliis method. With values of 0.01 kWli m"^  order"’ and lower, they were 
negligible. Additional UV iiTadiation during ozonation led to better results only in the case of 
benzene, since all the other contaminants were immediately degraded by ozonation alone. In 
view of the low residual concentrations of benzene, the additional investment for the UV 
teclinology is not justified. This is consistent with the findings fi'om Beltràn at al. (1995b) and 
Rivas et al. (2000) as described in chapter 3.1.2.3 for PAH.
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Based on the results of the laboratory investigations and on the calculations of the energy 
demand of the individual treatment methods, it had to be decided which of the performed 
laboratory scale experiments were applicable on a large scale in situ at the gas works site in 
Karlsruhe. As the authorities demanded the investigation of a full-scale method to remove 
VC, a substance which could not be removed using activated carbon, it was clear from the 
beginning that UV irradiation was one method of choice. The laboratory results, however, 
showed that for the removal of VC, single UV treatment was not very efficient. Based on the 
promising ozonation results in the laboratory, it was decided to perform preliminary 
experiments on this method as well to find out whether it would be suitable to investigate 
ozonation in more detail at a later point in time. The results of the performed full-scale 
experiments are described in the following chapters.
6 Results and Discussion of Full Scale Field Investigations
The funnel & gate remediation system at the former Gaswerk Ost in Karlsruhe went online in 
the spring of 2001. The intensive monitoring programme initiated after the start of operation 
showed that the remediation target values, for example 0.2 pg/1 for PAH, could not be 
achieved on a sustained basis and that the remediation behaviour of the funnel & gate system 
was unsatisfactory [KÜHLERS 2004]. The monitoring programme was carried out by the 
Stadtwerke Karlsruhe who made their data available for use in this study (Figure 6-1). The 
sampling was depth averaged. The mixed groundwater samples were taken manually using a 
submersible pump.
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behind gate: sampling point approx. 5 m downstream o f the funnel & gate system
Purification performance of the pilot gate for PAH since the start of operationFigure 6-1
Additional diagrams for benzene, VC and DOC concentrations both up- and downstream of 
the funnel & gate system are located in Appendix G. The inadequate remediation performance 
was initially attributed to the running-in time of the activated carbon, and to the remobilisa-
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tion of soil-bound contaminants down-stream of the funnel & gate. Because samples taken in 
the gate (immediately after passage through the activated carbon) showed no evidence of 
significant contaminant reduction, an intensive investigation was begun at the start of 2003 to 
demonstrate that the funnel & gate system was functional. The programme consisted of 
measurements of the flow velocity, testing of the bentonite sealing for short circuiting and 
investigation of the spatial distribution of the contaminants directly before and after the GAC 
passage. The results of the investigations are presented in the following sections of this 
chapter. They revealed that the contaminated groundwater had been flowing largely above the 
activated carbon since the installation went online, especially when groundwater levels were 
elevated. Proceeding from these conclusions and together with the participating authorities, it 
was decided on 13. January 2004 to extend the activated carbon chamber upward by 1.5 m. 
The expansion was carried out in May 2004, and the effectiveness of the remediation was 
subsequently re-evaluated. Not until after the modifications were completed, were the in-situ 
UV irradiation and ozonation experiments carried out.
6.1 Measurement of the Flow Velocity by G VF System
To investigate the groundwater flow through the wall of the activated carbon-filled gate, a 
probe was installed in the inflow chamber (as described in section 4.4.5). A wooden guide 
along which the probe was lowered was used to ensure the orientation of the probe to north 
and the equal spacing of the samples along the 4 mm slotted plate.
Figure 6-2 Measurement of the flow velocity at the pilot gate
The distance between the measurement points and the slotted plate was approximately 7 cm. 
In order to carry out measurements in the southern and northern parts of the inflow chamber 
along the 4 mm slotted plate the probe was attached to the northern end of the wooden guide
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for the first pass, and for the second pass, it was attached to the southern end of the guide. For 
a third mn in the eastern part and thereby in tlie area through which the groundwater enters 
the carbon chamber, the probe was allowed to hang freely m the measuring well along the 
rounded outer wall (10 mm filter).
The measurement began in the northern installation position. Measurements were made at 
vertical intervals of approximately 1 m. The measurements at the southern position were 
earned out at the same heights as those at the northern position. The measurements at tlie 
eastern position were independent of the measurements at either of the other two locations 
and served to document the flow of groundwater into the iiTadiation chamber.
Before the installation of the probe, a depth to gioundwater of 2.39 in and a final bore depth 
of 15.05 m below land surface (BLS) were measured. Measurements were made at 16 
different depths along the 4 mm slotted plate in the north and at 8 depths at the southern 
sampling location. In nearly every measurement, tlie flow conditions were shown to be 
transient. There was no recovery period for the gate measuiements as there was at the 
installation of the probe in measuring wells. Due to the fiee-hanging installation of the probe 
in tlie inflow chamber and because of the relatively liigh flow velocities there was no need to 
allow for a recovery period. Therefore, the measuiements were of relatively short duration, 
lasting fi'oni 20 to 60 min and including a short rest period of 5-10 minutes at the start of 
measurement. In all cases the time between the setting of the probe at a new depth and the 
start of the measurement exceeded 5 minutes. To document tlie continuing transient flow 
conditions, a few measurements were allowed to run for 1.5 hours. Despite marked and 
constant change in flow direction and velocity at all measurement depths, statistically 
significant measui'ements could be obtained fi-om all 12 measurements.
At the eastern sampling position, four measurements were made directly against the wall (the 
10 mm slotted plate). All measurements consistently showed tiansient flow behaviour. No 
predominant flow direction into the inflow chamber could be documented. No recognizable 
vertical flow could be identified using the measurement images.
Flow Direction
At first inspection no clear flow direction was obsei*vable from the test series. In all series of 
measurements, the flow direction and flow velocity were scattered as a result of non-steady 
flow hydraulics. Only on statistical evaluation of the data a clear result was obtained.
In spite of the scattering in the measurements performed north and south of the gate, the 
results clearly showed a flow direction paiallel to the slotted metal sheet in a northward 
direction, hi summing all measured flow directions, a north-easterly flow direction (40°) was 
detei-mined. Neither of the measurements showed a distinct flow direction towards the gate 
(peipendicular to the funnel).
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Flow Velocity
Measurements along a vertical axis in the northern portion of the irradiation chamber showed 
mild changes in the flow velocity with depth, where the highest velocities of 1 mm/s were 
measured in the middle of the gate, 8-9 m below the ground surface. The average velocities 
ranged between 0.1 and 1.0 mm/s.
The results of the measurements carried out in the southern part of the inflow chamber were 
very similar to those of the northern measurements. It could be concluded from the four 
measurements carried out in the east that there was no clearly developed flow velocity 
directed toward the gate in the immediate vicinity of the wall. Rather, the groundwater had no 
prevailing flow direction or velocity in the entrance to the flow chamber. The following graph 
shows an example from the measurements. Data from the recovery phase were excluded from 
the statistical evaluation.
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Figure 6-3 Flow velocity and flow direction measurement (north)
The fact that no flow directed toward the activated carbon chamber could be measured raised 
questions about whether leakage in the transition zone between the gate and the sheet pile 
which forms the wall of the funnel might be responsible for producing the observed flow 
behaviour. The transition zone was sealed using bentonite.
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6.2 Examination of the Bentonite Sealing
The inspection of the bentonite in the transition zone between the funnel and gate (see 
Figure 4-6) was carried out in September 2003 by the consulting company of Dr. Korner 
using the “Electrical Conductivity System” described in Chapter 4.4.7. The bentonite seals 
were investigated at four different locations: southwest, southeast, northwest and northeast of 
gate 3. The recorded conductivity profiles are shown in the following diagrams.
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Figure 6-4 Conductivity profiles of the bentonite seals of gate 3
Pure bentonite slurry exhibits conductivity values around 400-500 mS/m, partially even 
higher values. The conductivity of natural clay amounts to values of 200-250 mS/m, whereas 
conductivity values below 50 mS/m are usually measured for sandy materials.
The EC profile of the probe north-east of gate 3 showed a totally even progression with 
conductivity values between approx. 400 and 500 mS/m (in comparison: groundwater 
conductivity is 100 mS/m). The very low fluctuation width of the profile suggested that the 
existing clay sealing is evenly formed over the entire depth. The profile ended with values 
below 150 mS/m, which would be consistent with sediments composed of silts or silty sands.
The conductivity profile of the bentonite north of the gate and west of the funnel (Profile NW) 
also indicates an evenly distributed clay seal over the first seven meters. The conductivity 
peak which follows is likely the result of a void space filled with clay slurry. The inhomoge- 
neous trend of the profile below the peak indicates a heterogeneous clay seal. Potential causes 
include increased fractions of silt, sand or gravel from the gravel packs.
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Both profiles south of the gate (SE and SW) have inliomogeiieities similar to those seen in the 
NW profile. They indicate the presence of filled voids and inclusions of foreign material 
along the clay seal.
Because the sounding north of the gate and east of the fiamiel showed an evenly developed 
clay seal, it could be assumed that the clay seal was intact, and that no flow aiound the gate 
was possible. South of the gate, both soundings revealed inliomogeneities, which, however, 
are developed at different depths. Accordingly, it was unlikely tliat water passed tlnough the 
bentonite fill south of the gates. Further proof of the effectiveness of the bentonite fill was 
provided by the conductivity peaks in the profiles. These suggested that there were voids, but 
that they were enclosed by a dense material without fiactures, and contained a higlily 
conductive suspension wliich would otherwise be exchanged with the less conductive 
gi'oundwater suiTounding the voids.
In summary, the inspection of the clay seal along the side of gate 3 showed that the seal was 
intact and effective. The results were supported by the difference between the groundwater 
levels up- and downstream of the gate.
After it had been established that flie groundwater did neither flow between the activated 
caibon and the sheet pile wall nor tluough the activated carbon, it was suspected that the 
gi'oundwater might be passing over tlie activated carbon, hi order to obtain data supporting 
this assumption, a series of measurements were planned to develop vertical contaminant 
profiles in the inflow and outflow chambers so that it could be deteimined whether the 
inadequate remediation perfomiance was confined to shallow depths and whether the 
groundwater was passing tlirough the activated carbon at greater depths.
6.3 Spatial Distribution of Contaminants
The depth sampling was earned out on 06.03.2003 as described in Chapter 4.4.4 using a 
multi-channel peristaltic pump. Altogether, 10 PTFE hoses of different lengths were gathered 
together into a hose bundle which was inserted in the appropriate measuring point. In this 
manner, it was possible to take samples fiom different depths at intervals of 1.3 to 1.4 m. The 
depths at which the inflow, outflow and UV chambers were sampled were as follows: 3.0, 4.4, 
5.8, 7.2, 8 .6 , 10.0, 11.3, 12.6, 13.9 and 15.2 m below the ground surface. The depth to the 
gi'oundwater table at the time of sampling was 2.24 m.
The measurement data compiled in Table 6-1 provide a comparison of the values obtained 
fiom inflow, UV chamber and outflow of gate 3. All parameters investigated showed similai* 
behaviour in temis of the concentration distiibution inside the gate. The inflow concenti ations 
at tlie different horizons varied significantly (see blue curves Figure 6-5) and it can be seen 
that the parameters vinyl chloride, DOC, SAK254 and PAH reached a concentration maximum
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in the inflow of the pilot gate at a depth of 7.2 m below top gi*ound surface. This observation 
supports the assumption of a major contamination being present at that deptli. Tlie 
concentrations measured inside the UV chamber seemed to be more uniform (pink cuiwes).
The outflow after flow thiough the activated carbon (gieen curves) showed a reduction in 
DOC, SAK254, acenaphthene and vinyl chloride only between 11.3 m and 15.2 m below the 
ground surface. The concentiations of the horizons above were similar to the inflow 
concentration. Remediation of the gi'oundwater apparently only took place in the bottom 3 
meties. It was therefore assumed that most contaminated groundwater was flowing over the 
activated carbon and was then mixed with the treated water flom the bottom tln ee metres in 
the outflow chamber.
None of the concentiations of calcium, magnesium, ammonia, manganese or sulphate showed 
a significant deviation from the average, i.e. the concentiations in the inflow, UV chamber 
and outflow measured at different heights are similar. Nitiate, nitrite and sulphide could not 
be detected. Furtlier PAH according to the EPA list such as Benzo[a]antlii*acene, Chrysene, 
B enzo [b] -fluoranthene, B enzo [k] fluoranthene, Benzo[a]pyrene, Dibenz[ah] antlnacene, 
B enzo [ghi] -perylene and Indeno [1.2.3 -cdjpyrene were not detected.
From the vertical concentiation profile at the pilot gate the following conclusions were drawn:
• Inliomogeneous contaminant concentration at the inflow over depth
• Inside the UV chamber vertical mixing takes place resulting in relatively homoge­
neous contaminant concentrations over depth
• Concentration decreased after the passage of GAG only between 11.3 m and
15.2 m below the giound surface
• Remediation only took place in the bottom 3 meh'es; the water above flowed over 
the top of the activated carbon and was thus not treated
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Table 6-1
BG =  detection limit
Spatial distribution of contaminants inside tlie pilot gate
Inflow 3 4.4
Meters below top ground surface 
5.8 7.2 8.6 10 11.3 12.6 13.9 15.2
Calcium mg/1 164 163 162 " 164 160 164 166 165 163 165
Magnesium mg/1 20.8 20.7 21 23.4 21.2 21.6 22.7 22 21.8 21.7
Ammonium mg/1 2.9 2.9 2.9 3.2 3 3.1 3.4 3.2 3.1 3.1
Iron mg/1 4.29 4.57 4.35 3.7 5.83 4.81 4.46 5.26 5.02 5.07
Manganese mg/1 0.535 0.535 0.547 0.587 0.571 0.569 0.617 0.564 0.569 0.585
Sulphate mg/1 128 126 131 150 135 138 143 135 136 134
DOC mg/1 3.9 3.9 4.1 5 4.3 4.4 5 4.7 4.3 4.5
SAIC, 254 1/m 10.5 10.7 11.4 15.1 12.6 12.8 14.4 13.3 12 12.9
Benzene Pg/I 0.74 0.71 0.8 0.91 0.72 0.77 0.86 0.85 0.87 0.76
Methane pg/1 170 210 170 150 190 240 190 220 190 210
VC Pg/1 52 63 61 83 48 46 32 43 42 48
Naphthalene ng/1 68 60 69 98 66 90 120 89 89 94
Acenaphthylene ng/1 860 970 1800 8300 2200 4300 7000 4300 4500 4600
Acenaphthene ng/1 4600 5100 5600 16000 7000 11000 15000 11000 11000 11000
Fluorene ng/1 120 130 200 1400 280 520 840 540 450 560
Phenanthrene ng/1 <B G <B G <B G 64 <B G <B G 65 52 54 <B G
Anthracene ng/1 <B G <B G <B G 120 <B G 63 86 71 71 <BG
Fluoranthene ng/1 50 76 220 1700 330 450 700 500 500 730
Pyrene ng/1 84 74 150 900 200 260 400 280 290 450
UV chamber
Calcium mg/1 164 165 160 164 163 165 164 164 165 165
Magnesium nig/1 21 20.9 20.4 21 20.8 21.1 21.1 21.2 21.4 21.5
Ammonium mg/1 3 3 2.9 3 2.9 2.9 2.8 2.7 2.7 2.7
Iron mg/1 3.42 3.45 3.41 3.4 3.43 3.4 3.67 3.93 4.01 4.24
Manganese mg/1 0.527 0.525 0.526 0.523 0.527 0.526 0.534 0.536 0.547 0.546
Sulphate mg/1 93 129 129 131 132 130 134 127 136 135
DOC mg/1 3.9 3.8 4 4 3.9 4 4.1 4 4.2 4.2
SAIC, 254 1/m 10.8 10.7 10.9 10.8 11.1 10.9 11.1 11.1 11.4 11.3
Benzene Pg/1 0.8 0.91 0.84 0.72 0.77 0.91 0.8 0.68 0.6 0.72
Methane Pg/1 230 210 220 140 200 190 200 190 180 190
VC Pg/1 52 52 59 52 57 53 64 59 57 54
Naphthalene ng/1 76 65 66 77 78 67 80 84 72 72
Acenaphthylene ng/1 1400 1300 1400 1300 1400 1300 1600 1500 990 1400
Acenaphthene ng/1 5900 5300 5500 5400 5300 5000 4900 3900 3500 3500
Fluorene ng/1 570 130 140 130 150 150 210 170 160 160
Phenanüirene ng/1 <B G <B G <B G <B G <BG <B G <B G <B G <B G <B G
Anthracene ng/1 <B G <B G <B G <B G <BG <B G <B G <B G <B G <B G
Fluoranthene ng/1 98 94 110 100 100 100 140 140 150 160
Pyrene ng/1 98 95 110 100 100 100 130 160 140 140
Outflow
Calcium mg/1 159 167 165 166 166 167 164 166 166 165
Magnesium mg/1 20.2 21.2 21.2 21.2 21.2 21.1 21 21.5 21,3 21.9
Ammonium mg/1 2.9 2.9 2.9 2.9 2.9 2.9 2.9 2.8 2.8 3.1
Iron mg/1 3.32 3.61 3.53 4.16 3.91 3.86 3.85 7.21 6.78 9.83
Manganese mg/1 0.519 0.529 0.527 0.532 0.532 0.531 0.527 0.536 0.542 0.567
Sulphate mg/1 131 133 128 129 126 127 125 130 131 132
DOC mg/1 3.8 3.5 3.4 3.4 3.3 3.3 3.3 1.6 1.6 0.95
SAIC, 254 1/m 10.7 10.6 10.4 10 10 10 9.8 4.1 4.1 2.2
Benzene Pg/1 0.68 0.63 0.76 0.67 0.61 0.67 0.67 0 0 0
Methane 270 250 310 220 290 220 250 230 250 300
VC Pg/1 30 44 44 47 48 50 50 17 15 3.6
Naphthalene ng/1 71 65 61 62 65 61 90 70 79 65
Acenaphthylene ng/1 990 980 980 880 900 930 970 280 250 58
Acenaphthene ng/1 4700 4900 5000 4600 4700 4700 4700 1700 1500 200
Fluorene ng/1 130 130 120 110 110 110 110 54 0 0
Phenantlirene ng/1 63 55 < B G <B G <BG <BG <B G <BG <B G <B G
Anthracene ng/1 <B G <B G <B G <B G <B G <B G <B G <B G <B G <B G
Fluoranthene ng/1 78 84 78 73 78 78 69 0 0 0
Pyi'ene ng/1 64 72 74 69 73 77 65 0 0 0
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Figure 6-5 Vertical distribution of the DOC, Spectral absorption coefficient 
(SAK254), acenaphthene and vinyl chloride inside the pilot gate
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6.4 Isotherms of Activated Carbon
The investigation of the contaminant distribution at different depths in the pilot gate showed 
that the larger part of the contaminated groundwater did not pass through the activated carbon, 
but flowed over the bed for a period of two years. This was confirmed in February 2003 by 
taking granular activated carbon samples from the pilot gate using a sampling lance (Figure 
6 -6 ). The samples were taken from the inflow site (ca. 20 cm behind the slotted plate) from a 
depth of approximately 2-3 m. A composite sample was assembled from the ca. 10 samples 
which were withdrawn.
Figure 6 - 6  Activated carbon sampling from the pilot gate
For the original virgin carbon and the preloaded carbon samples from the pilot gate, the iodine 
numbers and nitrobenzene isotherms were determined according to the method described in 
chapter 4.1.4.5.
Each adsorption process leads to equilibrium between the amount adsorbed and the 
concentration remaining in the solution. The equilibrium depends on the temperature and pH 
value of the solution. The adsorption capacity depends on the substance properties, e.g. 
structure and molecular size of the adsorbing substances and the quality of activated carbon as 
inner surface and pore size distribution. In practice the various equilibrium conditions for the 
adsorption of compounds in aqueous solution on the activated carbon can be described using 
the Freundlich equation which reads:
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g= — = K-c"  m
q Load on the activated caibon x Weiglit of the adsorbed substance
m Weight of the activated caibon c Concenti ation of the substance to be
adsorbed remaining in solution 
K Constant n Constant
Taking the logarMim of the Freundlich equation yields:
log q = log K + n-log c
This form of the Freundlich equation shows a straiglit line where the slope coiTesponds to the 
Freundlich n-value and the y-intersect at an aqueous concentration of 1 mg/1 is equivalent to 
the K-value. In the current work as well, the results were evaluated using the Freundlich 
equation, i.e. tlie loading on the activated carbon was presented in a double log graph as a 
function of the remaining aqueous concentration. The results obtained for the nitrobenzene 
isotherms are presented in Table 6-2.
A standard method for characterisation of GAC adsorption capacity is tlie iodine number. It is 
a measure of the activity level (a higher number indicates a liigher degree of activation) and is 
equivalent to the suiTace area of the activated carbon. The iodine numbers obtained for the 
activated carbon used in this study are presented in the following table.
The iodine number measuied for the activated carbon loaded over two years in the pilot gate 
of the remediation installation was 1 0 2 0  mg/g, whereas the original virgin carbon shows an 
iodine number of 1 1 2 0  mg/g which is only sli^itly higher than that of the preloaded carbon.
The nitrobenzene isothemis of the two tested carbons were also similar. For the preloaded 
carbon, a somewhat steeper slope could be observed, which is supported by the calculated n 
value of 0.64, compared to the value of 0.42 calculated from the virgin carbon. Based on a 
comparison of the isotheiins, however, no marked loading of the carbon could be shown after 
two years of operation, which can be seen fr om the plot in Figure 6-7, left.
The elimination of the niti'obenzene as a percentage of the original concentration is also 
dependent on the amount of activated caibon, which can be seen in Figure 6-7 (riglit). A so 
small impact of preloading on adsorption capacity is unusual and was not expected when 
treating raw water with a DOC of 4-6 mg/1 by GAC,
It can therefore be concluded that the adsoiption capacity of the carbon had not decreased. It 
can be assumed that, due to the short circuiting flow, a large part of the contaminated water 
did not flow tlirougli the activated caibon layer.
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Table 6-2 Net weights of activated carbon, elimination rates of nitrobenzene
and iodine numbers of preloaded and original virgin activated carbon
GAC Type
net weight 
GAC 
[mg/l]
nitrobenzene 
residual c 
[mg/l]
nitrobenzene
adsorbed
[mg/g]
elimination
[%]
K
mg! g
n Iodine
number
[mg/g]l i m g i i y  _
7.95 1.14 112.63 43.9
11.93 0.91 94.53 55.3preloaded 101 0.64 102018.89 0.64 73.96 68.5
27.84 0.41 58.4 79.7
4.5 1.48 130.53 28.5
10 1.03 103.36 50.1
original 17 0.63 84.48 69.6 105 0.42 1120virgin
25 0.37 67.56 81.8
37.5 0.16 50.77 92.2
stock solution (co): 2.0 mg/1 nitrobenzene
■ original virgin♦  loaded
1000
10 -
nitrobenzene residual concentration [n%/l]
original virginloaded
100
60 —
40 --
GAC, net weight [mg/l]
Figure 6-7
(Start concentration o f  nitrobenzene = 2 .0 m g/l) 
Isotherms of nitrobenzene and elimination rates and of used and unused GAC
Additionally, the reduction of the DOC as well as the spectral absorption coefficient SAK254 
were determined through the addition of different amounts of activated carbon to 200 ml 
samples of groundwater, obtained from the inflow chamber of the pilot gate. The results 
depicted in Figure 6-8 confirm the hypothesis that there is no significant difference between 
preloaded and virgin activated carbon in terms of DOC and S AK254 reduction.
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In overview, the following points could be established through the investigations at the pilot 
gate (chapter 6.1 -  6.4):
> The contaminants downstream of the gates could not be attributed to an early exhaus­
tion of the activated carbon.
> The sampling technique delivers representative results.
> Turbulent conditions predominate in the inflow chamber of the gates where the 
contaminant concentration is homogenised over the depth.
> Gate 3 is not underflown. The water either overflows the gate or flows laterally around 
in the upper two thirds of the gate. Measurements of the vertical flow in the gate sup­
ported the hypothesis that the gate was overflown, but could not prove it conclusively.
> The bentonite filling between the funnel and gate is present along the entire length of 
the junction and is functioning.
> There is a direct connection between the inflow chamber and the outflow chamber. An 
overflow constitutes the only possible connection between the chambers.
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> Remediation performance is good when groundwater levels remain below the top of 
the activated carbon chamber.
The investigation leads to the following conclusion:
The continued presence of contaminants downstream of the gates is the 
result of contaminated groundwater overflowing the activated carbon chamber.
6.5 Purification Performance after the Extension of the Gate
Based on the investigations carried out, it was decided to increase the height of the activated 
carbon fill by 1.5 m, so that all groundwater would flow through the activated carbon even 
when the water table was higher, and the possibility of chamber overflow could be eliminated.
To this end, two 1.5 m long plates were installed atop the existing separating plates of the 
activated carbon chamber. The joints along the steel plates were sealed below with foam 
rubber and laterally with a rubber lip along. The two plates were strutted against one another, 
securing a good seal. The space between the plates was then filled with activated carbon 
(Figure 6-9 and Figure 6-10).
before May 2004 after May 2004
Figure 6-9 Sketches of the gates before and after the extension 
of the activated carbon chamber.
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/
Separating plates strutted against one another Activated carbon filling
Figure 6-10 Extension of the activated carbon bed
The resulting concentration curves for the PAH, for benzene and VC up- and down-gradient 
and downstream of the installation at gate 3 are shown here as an example (Figure 6-11).
The success of these measures which were performed in May 2004 is clearly visible. The 
average inflow PAH concentration in the pilot gate from 2001-2006 was 35.1 pg/1. Before the 
extension of the activated carbon chamber, concentrations of PAH varying between 4 pg/l and 
21 pg/1 were measured down-stream of the gate. A decrease in concentration to 1 pg/1 could 
be observed in the first measurement taken after the retrofit.
In the autumn of the same year, the measured concentration fell below the remediation target 
value for PAH of 0.2 pg/1 for the first time. Since then, the PAH concentrations downstream 
of the entire installation (all 8  gates) have remained almost without exception below the 
remediation target value. There was a delay before a reaction to the structural alteration was 
observed at the measuring point downstream of the remediation plant. There it took one year 
before values fell below the remediation target value of 0.2 pg/1. The plant now functions as 
intended. The purification rates of the gates increased to 99% and higher. The remediation 
performance of the entire funnel & gate plant is presented in Appendix G for each sampling 
point.
The remediation behaviour was similar for benzene. Although the inflow concentration had 
risen from 2  pg/1 to approx. 1 0  pg/l, after the retro-fit the remediation target value was 
consistently met or exceeded from the first measurement on. Downstream of the gate about 3 
months time-delayed values of < 1 pg/1 were measured which, however, fell within the range 
of the limit of determination. For reaching a deeper limit of determination the samples would 
have been injected again, with a larger sample volume. This, however, was not done.
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Figure 6-11 PAH, benzene and VC remediation from gate 3 before 
and after extension of the activated carbon fill
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Vinyl chloride, for which the authorities had set no remediation target, could also be 
effectively contained after the additional activated carbon was added. The inflow concentra­
tions of this substance averaged 35 gg/1, and downstream of the gate they were consistently 
below 1 |ig/l, whereby concentrations were frequently under the detection limit of <0.05 ng/1. 
Downstream of the pilot gate a tendency to reduction of concentration was observed in the 
one-digit pg/l range. Based on the data available, the break-through of this poorly adsorbable 
substance cannot yet be predicted.
The influence of the extension of the activated carbon chamber can also be recognized in the 
sum parameter DOC. The influent concentrations influenced primarily through humic 
substances and ranging between 4-5 mg/l decreased to concentrations of approximately 1 mg/l 
after passage through the extended activated carbon bed.
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Figure 6-12 Reduction of DOC after passage through the activated 
carbon (before and after the extension of the gate)
6 Results of Field Investigations 217
6.6 Tracer Test: Flow Velocity after the Gate Extension
The tracer test was carried out on 27.10.2004 in cooperation with the Stadtwerke Karlsruhe 
[KÜHLERS et aL 2004]. The conductivity probe downstream was attached to equipment 
conveying the measured values to a computer in which the measured values were recorded in 
one-second intei'vals. The inflow probe was attached to a hand-held measuring instmment, 
flom which the measured values had to be recorded by hand.
In the inflow chamber conductivity values around 600 (arbitiary units) were measured; in the 
effluent chamber the values lay around 900. Since both values are relative and the conduc­
tivity values in the two chambers are noimally the same, it was assumed that the recorded 
values correspond to a conductivity of 1000 pS/cm, the noiinal conductivity in gate 3.
From 9:35 to 9:40 201 of tlie prepared saline solution was inti oduced into the inflow chamber 
of the gate. Tlie end of the hose used to add the saline solution was raised and lowered flom 
top to bottom and flom bottom to top of the chamber. At around 17:15 the circulation pumps 
in the influent and effluent chambers were switched off because the necessary electiicity was 
no longer available.
At ai'ound 18:30, after nearly 9 hours running time, the measurements were terminated and 
the test was aborted. At this time the concentrations of the inflow chamber were still falling 
slightly and the concentrations in the effluent chamber were increasing. Due to teclmical 
limitations the experiment could not be continued.
The fii'st measurements after the addition of the saline tracer, taken at 9:43 to 9:45 showed a 
conductivity rise to 3027 pS/cm in the inflow chamber. The conductivity in the inflow 
chamber decreased relatively quickly. At the end of the tracer test at 18:30 the conductivity 
value was still 1018 pS/cm. In the initial phase of the test the conductivity in the inflow 
chamber was not homogeneous, but varied sharply.
hi the outflow chamber, the conductivity remained constant for a long time until it began to 
rise at 12:15. By the end of the test at 18:30, the value had risen to 1232 pS/cm and was still 
rising. During test planning, an earlier and shaiper increase in the conductivity in the outflow 
chamber had been expected. The hydrogr aph curves of the conductivities of the inflow and 
the outflow chamber are depicted in Figure 6-13.
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Figure 6-13 Hydrograph curves measured in the pilot gate
In order to obtain quantitative results from the measured values, attempts were made to 
reproduce the measured conductivity patterns using models.
6.6.1 Modelling the Inflow Chamber
The inflow chamber was modelled as a container in which the conductivity value was 
uniform. The initial conductivity in the inflow chamber container was set to 3000 pS/cm at 
9:45. It was assumed that there was a constant supply of water with the conductivity 1000 
pS/cm to the inflow chamber. Since the quantity of water in the containers did not change, the 
same quantity of water must have flowed out of the inflow chamber. The effluent had the 
same conductivity as the water in the inflow chamber.
The conceptual model was realised in an Excel table in which the quantity of cooking salt in 
the container was computed for each second, the conductivity of which is a function of the 
quantity of salt added, divided by the volume of water stream flowing in and out.
With the model described above, the best agreement of the computed and the measured 
hydrograph curve resulted if a groundwater flow of 0.5 1/s was accepted at the gate. This is 
represented in Figure 6-14.
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Figure 6-14 Modelling of the inflow chamber
For times before 12:30, however, the computed conductivity was too high compared to the 
measured conductivity, and after 12:30, the conductivity was too low. To compensate, the 
conceptual model had to be extended to include a buffer which first acted to remove salt from 
the inflow chamber and later returned it to the chamber. The conceptual model was therefore 
extended by an additional container, which represents the gravel filter before the inflow 
chamber. It was assumed that the conductivity in the gravel filter was homogeneous and that a 
constant water exchange between gravel filters and inflow chamber took place. The best 
agreement between measured and computed conductivities was obtained with the following 
parameters:
Groundwater flow through the gate 0.551/s
Volume of the container representing the gravel filter 1.0
Water flow between the inflow chamber and gravel filter 0 .81/s
The modelling results for the inflow chamber are shown in Figure 6-15.
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Figure 6-15 Modelling of the inflow chamber with gravel filter
6.6.2 Modelling the Activated Carbon Chamber and Effluent Chamber
To reproduce the measured values in the outflow chamber in a model, the water flow and salt 
transport in the activated carbon chamber were illustrated by a coworker of the Stadtwerke 
Karlsruhe with a finite element model (software feflow) [KÜHLERS et al. 2004].
The flow-effective porosity of the activated carbon was set to 40%. A hydraulic conductivity 
(kf) value of 3.5 10'  ^m/s was assumed in the planning of the installation. The gradient in the 
activated carbon chamber was set to 1 cm so that the resulting flow amounted to 0.53 1/s. This 
flow rate corresponded to the flow rate measured in the inflow chamber.
The conductivity values at the end of the activated carbon chamber produced using the finite 
element simulation did not agree with those measured in the outflow chamber. It was assumed 
that, as in the inflow chamber, there was a constant in- and outflow of water in the outflow 
chamber. The conductivity of the influent water in the outflow chamber would have been 
equivalent to the conductivity at the downstream end of the activated carbon chamber.
Figure 6-16 shows a comparison of the modelled results and observed conductivity values in 
the outflow chamber.
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Figure 6-16 Simulation of the outflow chamber
It can be clearly recognised that the computed and measured conductivities did not agree. In 
the computer simulation, the conductivity values rose earlier, faster, and higher in the outflow 
chamber than the measured values. This means that the dissolved salt was not transported as 
quickly as computed through the activated carbon chamber. This can be explained either by 
the fact that the dissolved salt diffused into the pores within the activated carbon particles and 
was not transported further until it diffused back from the pores into the flowing water or, 
more likely, by mixing problems due to density difference between the groundwater and the 
salt solution.
As the diffusion processes could not be simulated with the finite element model used, 
supports of the salt freight by sorption were assumed as a substitute. Since this approach does 
not correctly reflect the actual physical processes, the simplest approach, sorption according 
to Henry’s Law, was used. The fictitious sorption coefficient was selected in such a way that 
the computation approximately agreed with the measurement. Figure 6-17 shows the result of 
the outflow chamber conductivity simulation (with sorption) compared with the measured 
values.
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Figure 6-17 Simulation of the outflow chamber with sorption of the solved salt in the
activated carbon chamber
The results shown were generated using the following parameters:
Groundwater flow through the gate 0.53 1/s
krValue of the activated carbon 3.5 10'^  m/s
Flow-effective porosity of the activated carbon 0.4
Fictitious Henry-Sorption Coefficient 15
Starting at 17:15 the computed values deviated substantially from the measured values. This 
could be attributed to the shut-down of the circulation pumps at 17:15. After shut-down the 
homogenisation of the salt solution in the outflow chamber was probably slower than before.
Since the probe was positioned directly downstream of the activated carbon, the values from 
17:15 could represent the effluent chamber inflowing conductivity and not the conductivity 
inside the effluent chamber. However, even using this assumption the modelling cannot 
explain the measurement results.
Through study of the simulated conductivity hydrograph curve in the inflow chamber it 
became clear that the groundwater flows through the inflow chamber with a velocity of 
approximately 0.5-0.6 1/s. The values obtained from the computer simulation are approx. 50% 
less, as was assumed when planning the plant. Due to these computations a flow rate of 0.6 1/s 
(2160 1/h) was used for irradiation and ozonation experiments.
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6.7 Results of UV Irradiation
A modular assembly of the irradiation apparatus was conceived for the in-situ irradiation, for 
which six 120-watt UV low-pressure lamps were combined to create an irradiation unit. The 
lamps, each of which was protected by UV-permeable quartz glass piping, were mounted in a 
high-grade steel framework with outer dimensions of 1 m x 1 m. The frame also provided the 
housing for the electronic ballasts and the power connection for the lamps.
The lamp frames are shown in the photograph in Figure 6-18. The lamp system, supported by 
chains, was lowered into the inflow chamber to a depth of 14 m below top ground surface; the 
individual frames were spaced one meter from each other. The contaminated water flows here 
through the region of effective UV irradiation, whereby with a water level-dependent total 
volume of the inflow chamber of up to 3.25 m ,^ per hour approx. 2160 1 water influxes. The 
resulting residence time of the groundwater of in the irradiation chamber is approx. 1.5 h.
The electric power of each lamp module consisting of 6  lamps amounts to 720 W correspon­
ding to 2.88 kW if 4 modules are installed. This results in an energy consumption of 
1.33 kWh per m  ^at a flow rate of 2.16 m^/h.
Figure 6-18 Installation of UV lamp system in the pilot gate
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The contaminated groundwater flows first through the lamp aiTay, consisting of 4 lamp 
frames. Wliile the water passes the radiation range, the photochemically induced degradation 
process takes place. After undergoing preliminary UV tieatment the gi'oundwater flows 
tlii'ough tlie activated carbon where the remaining PAH is further reduced.
hi the context of a 6 -week monitoring programme directly at the pilot gate, while the UV 
lamps were in operation, samples were weekly analysed for the pollutant content. Samples 
were taken over the depth in meter distances by means of a pei-istaltic pump in the inadiation 
chamber (procedure, see chapter 4.4.4).
First it was examined whether a concentiation difference between the sampling points directly 
with lamp flames and between lamp frames could be deteimined. For this in each case 
samples taken at the appropriate sampling location (water or fi’ame, as depicted in Figure 
6-18) were combined to mixed samples and their concentration was deteimined. The results 
of these investigations are suimnarised in the following table.
Table 6-3 Analytical results for contaminents at different positions within the inflow
chamber (UV inadiated)
fluorene acenaphthene
ng/1
acenaphthylene fluoranthene pyi'ene
pg/1
benzene VC
frame 1,500 30,000 1,300 2 0 0 180 0 .0 0 .0week 1 water 1 ,2 0 0 30,000 1 ,1 0 0 160 160 5.8 8 .0
frame 1 ,2 0 0 28,000 1,300 170 160 1.5 4.0week 2 water 0 29,000 1 ,2 0 0 0 0 5.4 5.1
frame 1,600 34,000 1,700 2 2 0 2 0 0 4.2 5.8week 3 water 1,300 37,000 1,600 170 170 5.6 6.5
frame 1 ,2 0 0 36,000 1,300 170 160 5.3 5.5week 4 water 1 ,1 0 0 39,000 1,300 150 140 6 .2 6.5
fiame 1 ,2 0 0 35,000 1,300 180 170 5.7 5.1week 5 water 1 ,1 0 0 39,000 1 ,2 0 0 170 170 . 6.5 7.1
frame 1,400 39,000 1,400 2 0 0 180 5.8 5.9week 6 water 1 ,2 0 0 42,000 1,300 190 2 0 0 5.4 7.6
Examining the results of the PAH concentiations in tlie irradiation chamber, it can be seen 
that the concentration differences between the two sampling points “water” and “flame” are 
very small. Tliis indicates good vertical mixing in the inflow chamber, additionally enhanced 
by increased temperatures in the vicinity of the UV lamps. Tlie week 2 results for the 
substances fluorene, fluoranthene and pyi'ene constitute an exception at the “water” sampling 
location in that they were below the detection limit. Good reproducibility could also be 
demonstrated for the individual PAH concentiations between the sampling rounds.
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The differences between the “water” and “frame” samples for benzene lie between 1 and 
2 pg/1. The two first sampling rounds constitute an exception; the fr ame samples had lower or 
non-detectable concentiations of benzene. During the six-week sampling programme, 
concentrations in tlie 5-6 pg/1 range were measured.
The volatile vinyl chloride also shows a larger concentration range than most representatives 
of the PAH. Altogether, the measured concentiations lie between 4 and 8  jig/1, whereby 
between the “water” and the “fi'ame” samples of the individual sampling dates a difference of 
1-2 pg/1 could be obsei*ved. As with benzene, no VC was found in the “frame” sample taken 
on the first sampling date.
It has to be noted that a loss of benzene and VC cannot be completely avoided even if handled 
with utmost care, since these substances are highly volatile and tend to vanish duiing 
sampling, transport and storage as well as during the measurements with purge and trap.
6.7.1 Removal of PAH
To establish the purification performance for the substance class of PAH, the measured 
concentiations of contaminants in the iiTadiation chamber were compared with the 
concentrations in the measuring well where the water was not irradiated. Because of the good 
agreement between the samples “water” and “frame” in the irradiation chamber described 
above, these results were averaged. The samples in the measuring well as well as in the 
effluent chamber after the passage tlirough activated carbon were taken with a submersible 
pump (for schematic plan view see Figure 4-12). Hie following figure shows the PAH 
concentrations measured over a period of 6  weeks: before UV (Inflow), after UV (hTadiation 
chamber) and after UV and GAC (Outflow). A comparison of the inflow concentrations with 
the laboratory experiments (see Table 5-10) revealed that during these field experiments the 
acenaphthene and acenaphthylene concentrations were naturally higher by a factor of 
approximately 3.
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Data in ng/1
Inflow After UV Outflow
Fluorene 11250 1167 55.3
Acenaphthene 72833 34833 406.2
Acenaphthylene 13050 1333 60.3
Fluoranthene 2133 165 36.0
Pyrene 1223 158 28.3
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Figure 6-19 PAH concentration of inflow, after UV and after UV and GAC (pilot gate)
Acenaphthene constitutes the main contaminant, showing an average inflow concentration of 
72 pg/1. Acenaphthylene and fluorene are present in concentrations slightly above lOpg/1, 
whereas the values for fluoranthene and pyrene lie between approx. 1 pg/1 and 2 pg/1. UV 
irradiation reduced all PAH by approx. 90% with the only exception of the contaminant 
acenaphthene, present in highest concentrations, which was reduced by 50% on average.
This can be explained by the higher initial concentrations on the one hand and on the low 
molar absorption coefficient of 1252 l/mol*cm of acenaphthene on the other hand which 
makes the absorption of UV radiation with the wavelength of 254 nm (emission maximum of 
the Hg low pressure lamp employed) for competiting contaminants more probable (see Table 
5-2). The percentages of the PAH removal data can be found in Table 6-4. The analysis of the
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PAH concentrations after UV and after GAC showed percental purification rates of over 98% 
for all PAH [EGGERS et al. 2005a, EGGERS et al. 2005b].
Table 6-4 Average removal of PAH in % during in-situ UV irradiation
After UV After UV and GAC
Acenaphthene 52.2 99.5
Acenaphthylene 89.7 99.6
Fluorene 89.6 99.5
Fluoranthene 92.3 98.5
Pyrene 87.1 98.1
The individual results of the purification performance referring to the inflow concentrations 
for every week after the in-situ UV treatment are presented as follows for the individual PAH:
Acenaphthene Acenaphthylene Fluorene ^Fluoranthene Pyrene
week 1 52.4 93.1 90.8 91.1 85.5
week 2 51.7 87.1 1 1 0 0 .0 1 0 0 .0 1 0 0 .0
week 3 33.9 85.5 8 6 .0 87.9 80.2
week 4 55.2 91.9 92.1 95.2 91.3
week 5 55.2 91.4 91.5 93.7 90.0
week 6 50.0 89.2 89.1 * 93.2 85.7
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Figure 6-20 PAH monitoring after UV irradiation: contaminant removal in %
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Figure 6-21 shows the purification performance after UV and following GAC with reference 
to the inflow concentrations before UV.
Acenaphthene Acenaphthylene Fluorene Fluoranthene Pyrene
week 1 100.0 100.0 100.0 100.0 100.0
week 2 100.0 100.0 100.0 H is 100.0 100.0
week 3 99.0 99.4 99.4 96.8 95.6
week 4 * 99.2 99.3 99.1 1 96.8 95.2
week 5 99.2 99.2 99.2 98.6 99.4
week 6 99.5 99.4 99.5 98.6 98.4
□  Acenaphthene □  Acenaphthylene El Fluorene □  Fluoranthene □  Pyrene
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Figure 6-21 PAH Monitoring after UV Irradiation and GAC Adsorption:
Contaminant Removal in %
6.7.2 Removal of Benzene and Vinyl Chloride
Initially it was difficult to establish the removal rate of benzene and vinyl chloride, based on 
the primary assumption that the samples taken from the measuring well with the help of a 
submersible pump would be representative. Therefore, the very complex technology for 
sample taking using a peristaltic pump at various depths was used only for the irradiated 
groundwater samples taken from the irradiation chamber. When the results of the inflow 
concentrations of vinyl chloride and benzene (see Table 6-5) were present, this was 
recognized as a mistake.
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Table 6-5 Benzene and vinyl chloride inflow concentrations
benzene
ftg/1
vinyl chloride
week 1 1 0 .0 2.3
week 2 9.4 5.3
week 3 2 .1 7.6
week 4 1 1 .0 1.9
week 5 1 0 .0 2.4
week 6 1.9 3.0
The concentrations in the measuring well which was not irradiated show strong fluctuations 
with regard to the two analysed volatile substances. The concentrations of benzene are 
between 1.9 and 11.0 gg/1, those of vinyl chloride fluctuate between 1.9 and 7.6 gg/1. The 
concentrations in the irradiation chamber (see Figure 6-22) are mostly between 4 jig/l and 
6  gg/1 in the case of benzene. In the second sample taking, a concentration of 1.5 pg/1 (frame) 
was measured, and in the first sample taking, no benzene could be detected (frame). 
Concentrations between 4 pg/1 and approx. 8  pg/1 were measured for vinyl chloride. The only 
exception was the first sample taking (frame) where no benzene could be detected as well.
vinyl chloride benzene
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Figure 6-22 Benzene and vinyl chloride concentrations after UV irradiation
The fluctuating concentrations of benzene and vinyl chloride in the samples which were not 
irradiated do not allow a calculation of the removal of these contaminants by UV irradiation 
since higher concentrations were measured in some of the irradiated groundwater samples. 
Therefore the assumption was made that the applied technology of sample taking in the
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measuring well led to losses of the two volatile substances, particularly of vinyl chloride. It 
seemed reasonable to search for the reason of the differing inflow concentrations, and thus 
samples were taken from the measuring well at various depths, using a peristaltic pump. In 
addition, samples were taken at various depths of the irradiation chamber. The UV lamp had 
been switched off the day before. The results of this sample taking are presented in the 
following graph.
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Figure 6-23 Benzene concentration determined in measuring well and inflow chamber
A comparison of the samples taken showed that there was no significant difference in the 
measured concentrations for benzene on average between measuring well and irradiation 
chamber (Figure 6-23). Samples taken from the measuring well showed benzene concentra­
tions of 8.7 pg/1 averaged over depth. The highest concentrations were measured in depths 
between 6  and 1 0  m, probably resulting from varying contaminant distributions in the soil as 
already observed during measurements conducted in the year 2003 (see Table 6-1).
In the irradiation chamber, average concentrations of 8.2 pg/1 were measured. It can be clearly 
seen that the distribution of concentrations is significantly more homogeneous in the 
irradiation chamber. A comparison of the average benzene concentrations of six weeks 
(4.8 |ig/l, irradiated, see Figure 6-22) with the average concentration of 8.2 pg/l in the 
irradiation chamber (without irradiation) results in a benzene removal of 41%. As expected, 
the removal of benzene from the groundwater using in-situ UV irradiation was not as good as 
the removal of PAH, probably due to its low molar absorption coefficient of e =
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146 l/mol*cm. The results of the concentration profiles of VC in the measuring well and in 
the UV chamber without irradiation can be seen in Figure 6-24.
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Figure 6-24 Vinyl chloride concentration measured in measuring well and inflow chamber
As was the case with benzene, the distribution concentrations of VC were more homogeneous 
in the irradiation chamber over all depths than in the measuring well. Particularly striking, 
however, were the generally lower concentrations in the measuring well, especially in the 
upper two thirds of the measuring well. This results in significantly lower concentrations of 
6.9 pg/1 averaged over depth compared with 12.5 pg/1 measured in the irradiation chamber. 
To calculate the removal of VC, the concentration in the UV chamber without irradiation was 
used as a reference concentration, resulting in a percental removal of 55% of VC in the case 
of in-situ UV irradiation. It could not be finally determined why the VC concentration in the 
measuring well was lower than that in the irradiation chamber. It is possible that the 
irradiation chamber was also fed fi-om the sides, resulting in a lower concentration at the 
measuring well located in the center (see Figure 4-12).
After two additional UV lamp modules had been manufactured, an 8  week monitoring 
programme with a total of 6 lamp frames (36 UV lamps) was conducted at the pilot gate to 
establish the contaminant removal. As before, the electrical power consumption of each lamp 
module was 720 W. This corresponds to 4.32 kW if 6  modules are installed, resulting in an 
energy consumption of 2.0 kWh per m  ^at a flow rate of 2.16 m^/h. In the abovementioned 
experiments with 4 frames, the contaminant concentrations in the inflow of the pilot gate were 
used as the reference value without irradiation. Now, a different sampling concept was chosen 
to eliminate any influence of the concentration inhomogeneities present in the inflow
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(measuring well), especially with respect to benzene and VC. All samples in the irradiation 
chamber were taken over depth using a peristaltic pump and then blended. To obtain 
unirradiated samples, the lamps were switched off one week prior to sampling and switched 
on again after the samples had been taken. The results of this series of tests are compiled in 
Appendix I. It can be seen that concentrations varied between the individual samplings, 
especially in the case of benzene and VC. Heavy rainfall during the two test months might 
account for these inhomogeneities. Overall, the installation of the 2 additional lamp frames 
did not improve the degradation. The average percental removal of PAH from the groundwa­
ter was 50%, the removal of VC 58% using UV irradiation. For benzene, present in a 
concentration of max. 2  pg/l in the untreated groundwater, no reduction could be observed. 
In-situ UV irradiation did not lead to a reduction of TOC.
A significant temperature rise could be measured in the groundwater during UV irradiation. 
Temperatures between 8.9 and 10.9 °C were recorded in the untreated groundwater, whereas 
the temperatures in the irradiated groundwater reached maximum values of up to 17.8 °C. It 
has to be considered that this increased temperature level might not be without effect on the 
microorganisms in the water.
6.7.3 Formation of Deposits on Lamp Casing
In a first test on the formation of deposits during the in-situ UV irradiation, an array of six 
lamps (lamp module) was installed in the pilot gate and operated for six months non-stop. The 
6  UV lamps were arranged vertically in the module (see Figure 6-25).
Figure 6-25 In-situ irradiation in the irradiation chamber of the pilot gate
The aim of this test was to gain insight into the amounts and composition of deposits possibly 
developing on the quartz sleeve of the lamps. During this period of time, it was also tested 
whether the lamp module designed by the Stadtwerke Karlsruhe was waterproof. During the 
experiment the UV module was observed by means of an underwater camera which was 
dropped down into the inflow chamber on a steel cable. The camera took pictures of the 
interior of the irradiation chamber on a daily basis and transmitted them via telemetry station.
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Figure 6-26 Underwater picture of the UV irradiation module (view of three lamps)
Thus it was possible to observe that one of the UV lamps failed just one week after the 
irradiation module had been installed in the pilot gate. The defective lamp was not changed, 
but remained there for the rest of the observation time to record any development of deposits. 
The observation of the lamps by means of a camera allowed a function check of the lamps.
Six months after the initial instalment the irradiation device was dismantled. As can be seen in 
Figure 6-27, brown/black deposits formed on the exterior, beginning at the bottom of all 
quartz envelopes with the exclusion of the one which failed shortly after installation. As well 
as the deposits on the outside of the lamp sleeve, precipitations also formed on the inside 
(Figure 6-27, right). Just as the deposits on the outside of the quartz envelopes, the 
precipitations in the inside appeared only in the lower segment and could be observed in all of 
the lamps, including the one which was in operation only for one week [EGGERS et al. 
2005].
Deposits on the inside
Based on the fact that these deposits were found also in the lamp which failed after one week 
of operation, it can be assumed that they formed immediately after the device was put into 
operation. They consisted of reddish-brown, shiny metallic layers of film which seemed to be 
burnt into the quartz glass and could hardly be removed mechanically. On the lamps, no 
deposits were visible, which supports the assumption that they were formed by vaporisation 
of organic matter and subsequent condensation on the colder quartz envelopes.
The precipitations were insoluble in water, but could be dissolved in acetone once the lamps 
had been disassembled. Because of the solubility in organic solvent it was assumed that they 
are due to oxidation products which were formed by the reaction of UV light with the grease 
used in the inner part of the device. Later, this grease was avoided and PTFE paste used 
instead. After this change, no further formation of these deposits inside the quartz envelopes 
was observed.
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Defective 
UV lamp
Figure 6-27 UV Irradiation device after 6  months in service
Deposits on the outside
The deposits on the outside covered the lower quarter of the quartz envelopes almost 
completely, growing less towards the middle. No deposits were found on the upper half or 
two thirds of the envelopes. Immediately after the lamp frame had been removed from the 
groundwater, the deposits could easily be wiped off with a paper towel while still being wet. 
After having dried, the deposits turned brittle and started to flake off the quartz envelopes. 
They were insoluble in organic solvents such as acetone and ethyl alcohol.
For further examination, the deposits were scratched off the quartz surface, dried and 
subjected to an element determination by means of ICP-MS Analysis, which was contracted 
to the Technology Centre o f Water. The analysis of the deposit material showed that its 
composition was as follows: 89.7% iron, 5.3% calcium, 2.3% phosphorus and 2% silicon. 
Other inorganic components were found to be far below 1 %; manganese which can form UV 
absorbing deposits even if present only in very low concentrations was found only with a 
percentage of 0 .1 2 % in the analysed deposit material.
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Figure 6-28 Dried deposits on the quartz envelopes
Content
mg/kg 
[dry mass]
%
Percentage of individual elements from deposit on 
the lamp casing
Chromium
Cadmium
Nickel
Lead
Zinc
Arsenic
94 0.02
0.4 0.00
41 0.01
0.00
330 0.08
100 0.02
Magnesium 1000 0.23
Manganese 500 0.12
Iron 390,000 89v7
Aluminum 300 0.07
Silicon 9000 2.07
Total 434,371.4 100.0
□  Chromium
□  Lead
■  Calcium
□  Iron
■  Phosphorus
■  Cadmium
■  Zinc
□  M agnesium
□  Aluminum
□  Nickel
□  Arsenic
■  M anganese
□  Silicon
Figure 6-29 Chemical composition of the precipitate on the envelope surface
These results were compared with the results obtained within the framework of a research 
project on the technical use of UV irradiation in the disinfection of drinking water [BERN­
HARDT et al. 1994]. In this work, the formation of deposits and thus the reduction of the 
irradiation efficiency was measured at different positions of the lamp (top, bottom and 
middle) by systematic dosage of Fe, Mn and Ca in the water to be irradiated using a vertically 
positioned lamp (where the water passed, however, longitudinally).
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Tlie research of Bernhard et al. showed tliat the precipitation rate of iron is comparatively 
high and unifoiin over the complete lengtli of the envelope. Deposits of calcium developed 
mainly at the top and the center of the envelope with the lower part showing significantly 
lower calcium concentrations. The deposits of iron hydroxide, however, were responsible for 
a more than 1000-fold reduction of the UV inadiation efficiency compared with calcium 
deposits of the same thickness. This led to the assumption that the water hardness would be 
iiTelevant when using low-pressur e lamps. It could also be proved that the water hardness had 
no significant influence on the formation of iron hydroxide deposits. The most decisive factor 
for the formation of iron hydroxide deposits and thus for a reduction of the irradiation 
efficiency was the concentration of iron and the form of dispersion in which FeOOH was 
present in the water to be iri'adiated. Even manganese concentr ations of 20 pg/1 led to a str ong 
formation of manganese oxide hydroxide deposits, resulting in a significant reduction of the 
UV ÜTadiation efficiency.
From the results of tliis research project, the “DVGW Arbeitsblatt W 294” was derived which 
was published in June, 2006 and is generally accepted as “state of the ar*t”, defining the 
criteria for the use of UV disinfection in the production of drinking water in Germany 
[DVGW 2006]. This paper states the following reference values for the parameters SSK254, 
SAK254, turbidity, iron, manganese and “calcite precipitation capacity” they should, however, 
be as low as possible.
Table 6 - 6  Physical and chemical parameters for the in adiation of drinldng water
Physical parameters Target value
SAK254 < 1 0/m
SSK254 < 15/m
Tmbidity < 0.3 NTU
Chemical parameters
hon <50 pg/l
Manganese < 2 0  pg/1
Calcite precipitation capacity <10 mg/1 CaCOa
The concentrations of iron and manganese in the grormdwater of the fomier gas works site are 
at approx. 5 mg/1 and 0.5 mg/1 on average, thus exceeding these recommended reference 
values by a factor of 100 and 25, respectively. A strong formation of deposits was noticed in 
the lower parts of the vertically positioned UV lamp during the in-situ inadiation of the 
gi'oundwater tfom the gas works site over a period of six months. 90% of these deposits 
consisted of iron compounds impeimeable to UV. hiitially there was no explanation for the 
fact that the deposits containing large amounts of iron developed mainly in the lower part of 
the envelopes, hi the case of thermal reasons, tlie deposits would have developed in the upper
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part of the envelope rather than in the lower due to the rising heat between lamp and 
envelope.
To identify the reasons behind this phenomenon, the lamp manufacturer Wedeco was 
contacted and given an account of the problem. According to the company, high-performance 
low pressure lamps reach their optimum UV output at a wall temperature of approx. 90- 
100 °C. In the case of a vertical installation, however, the temperatures in the top region of the 
lamp can rise to 130-140 °C, reducing the emission of UV light and possibly lowering the 
formation of deposits in this area. The test laboratories of Wedeco are currently running tests 
measuring the irradiation output of vertically installed UV lamps over the length of the lamp 
by means of sensors.
Wedeco generally recommends a horizontal installation of the lamps to prevent the formation 
of a temperature gradient over the length of the lamp. This was considered in the design of the 
second prototype which is identical in construction with the first prototype except from the 
fact that it is installed horizontally (see chapter 4.4.2).
After having been in constant operation for six months in the irradiation chamber of the pilot 
gate, the lamp frame did not show any noteworthy deposits on or in the envelopes (Figure 
6-30, left). Only evenly distributed little white dots ( 0max = 2 mm), probably consisting of 
CaCO], could be noticed after the extended use in the groundwater. Since they covered only a 
very small area, this was regarded as irrelevant.
Figure 6-30 left: Lamp module after six months in operation;
right: calcium precipitation on the quartz sleeve
As good results were achieved with a horizontal lamp installation, the frames which had still 
to be produced for a full equipment of the irradiation chamber had the same construction.
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6.8 Results of Ozonation
Hie long residence time of the water in the irradiation chamber (1.5 h) is a good precondition 
for the ozone tests since the majority of the chemical oxidations with ozone can be conducted 
quantitatively within tills time span. As laboratory tests showed, it had to be considered that 
reactions with inorganic water components as e.g. Fe '^*'/Mif'  ^ ions consume high amounts of 
ozone:
2 Fe^ '" + O3 + 5 H2O 2 Fe(0 H)3 + 0 2 +4H *
2Mn^"‘+5 0 3  + 3H20 ^  2 M11O4 + 5 O2 + 6 H+
Knowledge of these side reactions was especially essential for the selection of the ozone 
generator required. As described above, the groundwater to be oxidised had an average TOC 
value of approx. 5-6 mg/1. The iron concentiations were approx. 5 mg/1. The concenti ations of 
manganese were significantly lower and amounted to approx. 0.5 mg/1. Based on the tried and 
tested standard of practice that the ozonation of aqueous solutions requires approx. 1 mg O3 
per mg TOC and according to the abovementioned equation additionally 0.43 mg O3 per mg 
Fe^ '*' and 2.2 mg O3 per mg Mn^ "^ , it can be calculated that [((5**'l g + 5*‘'0.43 g + 0.5*2.2 g)/l 
m^) * 3.25 m^] = 26 g O3 are required for the oxidation of the organic and inorganic water 
components in the influent chamber holding 3.25 111^  of water. As the water remains approx. 
1.5 hours in the influent chamber, 26 g O3 would have to be dosed for 90 minutes, 
coiTesponding to 17.3 g O3 for 60 minutes in theory.
Preliminary tests conducted witli these concentrations did not result in measurable ozone 
concenti'ations in the influent chamber even after an ozonation time of 5 lii*s. Therefore, tests 
were conducted with approx. twice as much ozone, i.e. 35 g/h. The feed gas oxygen was 
dosed with 250 l/li, all further settings can be seen in Figure 6-31.
Hie gaseous ozone was fed into tlie gi'oundwater at a depth of approx. 14 m below top ground 
surface (distance to water table: 2.7 ni) using a water jet pump to overcome the water pressure 
of approx. 1.1 bar (see scheme in Figure 4-15, chapter 4.4.3). After having started the in-situ 
ozonation, groundwater samples were taken at regular intervals slightly above the ozone 
dosage site (approx. 13.5 m below land surface). Hiese samples were photometrically 
analyzed for ozone (Indigo metliod, see chapter 4.1.2.3) inmiediately on site. After an 
ozonation time of 130 iiiiii, ozone concentrations of 0.08 mg/1 were measured, after 170 min 
0.23 mg/1 and after 180 min 0.3 mg/1 (see Figure 6-32).
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Ozone capacity in dependence of gas flow at 100% generator level
# :
250 300Gas Flow [Nl(hl ^100
Anseros, COM AD-08Ozone Generator32501Volume, UV chamber
100%Generator level0.61/s (~ 2160 1/h)Flow velocity
250 1/hOxygen flow90 minResidence time
1.2 barPressureOzone dosage 35 g/h
Figure 6-31 Ozone Generator settings during in-situ experiments
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Figure 6-32 Ozone concentration at a depth of 13.5 m below top ground surface
Immediately after the first detection of ozone (after approx. 130 min), samples were taken for 
the parameters PAH, benzene, vinyl chloride, TOC, iron and spectral absorption coefficient 
(254 nm) over the complete depth in intervals of 1 m. Sampling was completed after approx. 
180 min of ozonation. The parameters ozone, oxygen, turbidity and redox potential were 
measured simultaneously on site, and analysis was completed approx. 200 min after the start 
of ozonation. The results of these measurements in the inflow chamber after an ozonation 
time of 180 min are presented in the following figures.
Figure 6-33 shows that ozone concentrations between 0.3 and 0.57 mg/1 were measured at the 
lowest sampling point at a depth of 13.5 m, located only slightly above the ozone dosage site.
6 Results of Field Investigations 240
Even after an ozonation time of 320 min, the ozone concentrations could not be increased. 
This might be due to turbulences in the water causing the iron hydroxide particles to destroy 
ozone catalytically. Another reason could be the destruction of ozone during the pumping 
process.
At the sampling points above the lowest point (between 5 m and 12 m below land surface), 
comparatively homogeneous concentrations of 0.6 mg/1 were measured over the depth after 
180 min of ozonation. After 200 min, ozone concentrations between 0.7 and 0.8 mg/1 were 
measured, and after further ozonation, the concentrations reached a maximum of 0.9 mg/1. 
Since the inflow chamber is continually fed with fi*esh groundwater with a volume flow of 2.2 
m^/h, a balance of concentrations had to arise after a certain ozonation time. This was the case 
after slightly more than 200 min of ozonation at between 0.7 and 0.9 mg/1 of ozone.
180 min —
255 min —
'groundvrater !e>cl -ozonation
-200 min 
-320 min
I
0
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ozone concentration [mg/l]
Figure 6-33 Ozone concentrations at various depths in the inflow chamber after 180, 200,
255 and 320 min of ozonation time
As the results of the laboratory analyses showed, the PAH present in the groundwater of the 
pilot gate (acenaphthylene, acenaphthene, fluorene, fluoranthene and pyrene) as well as VC 
are readily degraded by ozone. These substances were completely eliminated from the 
groundwater after an ozonation time of 180 min (Figure 6-34). Even acenaphthene, present in 
concentrations of 30-35 pg/l prior to ozonation, could not be detected any more after 180 min 
of ozonation. The concentrations of benzene, a substance which was found to be poorly 
degradable by ozone in laboratory tests, were reduced from 6.9 pg/1 on average to 0.7 pg/1 
[EGGERS et a l  2007].
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Figure 6-34 Contaminant removal by means of 180 min in-situ ozonation (inflow chamber)
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Ozonation reduced the TOC of the groundwater by 14.5% from initial 6.2 mg/l to 5.3 mg/l at 
all depths. The spectral absorption coefficient SAK254 was reduced by 60% from 15 m'* to 
6  m’* averaged over depth (see Figure 6-35).
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Figure 6-35 TOC and SAK254 removal during in-situ ozonation (inflow chamber)
In contrast, ozonation had almost no effect on the spectral attenuation coefficient at 254 nm 
(SSK254) which considers also the absorption of undissolved components. This coefficient 
was only reduced from initial 21.4 m‘* to 20.9 m'* by ozonation. This can be proved by the 
significant increase in turbidity by a factor of 15, from 0.5 NTU to approx. 7.5 NTU (Figure 
6-36). This increase clearly is a result of the oxidation of the dissolved iron(II) to iron(III) and 
the resulting iron hydroxide flocculation. The view from above into the ozonated UV chamber 
showed that part of the Fe(OH)3 floes accumulated at the water surface together with the 
rising oxygen just as in flotation processes.
At the same time, the large increase in turbidity demonstrated the limits of this technology. 
Whereas high turbidity values and resulting high values for SSK254 do not play practically any 
role in the case of ozonation only, they would lead to a lower transmittance of the water in an 
ozone/UV process, significantly reducing the efficiency. In the case of the groundwater 
present which contains iron concentrations around 5 mg/l, a combined technology with the 
addition of oxidants is not advisable.
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Figure 6-36 Influence of the in-situ ozonation on the turbidity of the 
groundwater (inflow chamber)
As it is commonly known that freshly formed iron hydroxides or manganese hydroxides have 
a high sorption capacity for polar organic water components, it has still to be clarified if and 
how far a sorptive removal of these contaminants is possible, and if the loaded iron or 
manganese sludges are easily removable, before the decision for or against the ozone/UV 
method is taken. It has also to be checked if the generated turbidities are fed into the 
subsequent activated carbon filters and if they affect the filter efficiency. Practical experience 
has shown that the effects can be positive (increase of sorption) as well as negative 
(blockage).
No influence of ozonation on the pH value of the groundwater could be noted. The pH value 
was 7.0 prior to ozonation as well as after an ozonation time of 200 min. The gassing of the 
inflow water with ozone in the UV chamber increased the low oxygen concentrations which 
were fluctuating between 1.08 and 1.45 mg/l, being typical for a reduced groundwater, to 
values between 22.2 and 25.7 mg/l depending on the depth. The redox potential of the 
untreated reduced groundwater at the analysed depths was between -11 and -47 mV. After an 
ozonation time of approx. 200 min, redox values between +504 and +565 mV were measured. 
These high redox potentials are not astonishing considering the fact that ozone is one of the 
most potent oxidants known, having an oxidation potential of 2.07 V (see Table 3-9).
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Figure 6-37 Influence of ozonation on oxygen concentration and redox potential
Figure 6-38 shows the influence of ozone treatment on the iron concentrations; the conducted 
measures differentiated between Fe^  ^ and Fe^  ^ species. In the untreated groundwater, iron 
concentrations between 3.54 and 4.25 mg/l were measured; the concentrations increased with 
depth. More than 90% were present as dissolved bivalent iron. An exception was the highest 
reading point with only approx. 75% Fe^ ,^ probably resulting from the proximity to the 
groundwater surface.
The three-hour ozonation oxidised a large part of the dissolved iron (> 90%) to trivalent iron 
compounds, an exception being again the highest reading point where approx. 60% of iron 
were still present in bivalent form after ozonation. At the same time, ozonation resulted in an 
increase of the total iron concentration in the inflow chamber to 4.9 mg/l. It can be assumed 
that this increase is caused by ozonation at a depth of 14 m by mobilisation and turbulences of 
the deposits of trivalent iron compounds on the bottom of the influent chamber.
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Figure 6-38 Concentrations of iron before and after in-situ ozonation (inflow chamber)
5 h after the start of ozonation, additional samples were taken from the effluent chamber of 
the gate to determine if ozonation of the groundwater in the inflow chamber had detectable 
effects on the physical and chemical properties in the effluent of the test facility. For this 
purpose, the parameters iron, turbidity, oxygen concentration and redox potential were 
determined at the abovementioned depths.
The following figure shows the results of the measurements of iron concentrations in the 
effluent chamber. In the untreated groundwater in the effluent chamber, iron was present only 
as Fe^\ the concentrations being only half as high at the upper three reading points above a 
depth of 8.45 m as those in the lower area of the effluent chamber with values of approx. 
5 mg/l. It is likely that the dissolved iron was oxidised already in the influent chamber and 
precipitated before entering the activated carbon filter or was retained by the filter, resulting 
in the lower values at the upper reading points in the effluent chamber down to a depth of 8.45 
m. The iron concentrations averaged over the depth after ozonation were determined to be 
5 mg/l of total iron with a proportion of approx. 10% Fe^ .^ Thus, no retention of iron in the 
activated carbon filter by ozonation in the influent chamber could be noted.
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Figure 6-39 Concentrations of iron before and after in-situ ozonation (effluent chamber)
The results of turbidity measurements in the effluent chamber after ozonation in the inflow 
chamber did not show any increase in turbidity and were <1 NTU at all measured depths.
A comparison of the oxygen concentrations and redox values in the effluent chamber (Figure 
6-40) shows a homogeneous distribution of the two parameters of 0.6 mg/l -1.1 mg/l oxygen 
and -28 mV to -65 mV redox potential over the depth after the untreated influent. After 
preliminary ozonation in the influent chamber, the redox potential downstream of the 
activated carbon increases with depth, starting at 5 m below top ground surface, going down 
to 13.5 m below top ground surface and ranging from -+-34 to -1-397 mV. Oxygen concentra­
tions also increase with depth and range from 1.57 to 4.54 mg/l.
Based on the measured gradients of oxygen and redox potential over the depth in the effluent 
chamber, it can be assumed that the groundwater which flowed into the upper measurement 
points at the time of sampling was not completely oxidised by ozone.
The data demonstrate that ozonation of the groundwater in the influent of the remediation 
plant has immediate and prolonged effects on the redox conditions in the activated carbon 
even if ozone is not detectable any more. This phenomenon could also be observed in the 
laboratory ozonation experiments with groundwater from the same site as can be seen in 
Figure 5-68, right. Analyses of the long-term effects of a changed redox environment on the 
microorganisms which are adapted to reduced redox conditions were not part of this study.
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Figure 6-40 Effluent chamber: oxygen concentration and redox potential 
before/after ozonation in the inflow chamber
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7 Summary
Laboratory Results
111 a circulation device, the degradation of the contaminants PAH, benzene and vinyl chloride 
by UV inadiation, UV-based advanced oxidation processes as well as ozonation was 
examined, Tlie absoiption of UV light of the respective wavelength, in this case the main 
emission wavelength of the UV lamp at 254 mn, is essential to achieve a reaction of organic 
substances triggered by UV inadiation. Therefore, the detennination of the molar absoiption 
coefficients of the contaminants at 254 nm marked the beginning of the experiments.
Of all analysed PAH, acenaphthene exhibited the lowest molai' absorption coefficient with 
1252 l/mol*cm, followed by acenaphthylene, the molar absoiption coefficient of wliich was 
approximately twice as high. Benzene witli 146 1/mol*cm absorbs virtually no UV light at 
254 mil, and vinyl chloride none at all.
Degi'adation experiments were perfoiiiied in a reactor volume of 17.5 1, using a 120 W low 
pressme high output (LPHO) mercury lamp (BilnHg) with a total length of 860 mm. The 
photon flow during tlie experiment was deteiiiiined to be 2.7 x 10^  ^photons/s, using uridine 
actinometry. The degi'adation perfoimance of acenaphthene and vinyl chloride by UV 
irradiation was at first studied in artificial model water solutions, followed by experiments 
witli contaminated giouiidwater withdrawn fiom the gas works site.
Model Water
Due to the poor solubility of acenaphthene in water, the initial contaminant concentrations for 
the iiTadiation experiments with acenaphtliene were not liigher than 340 pg/1. Tlie half-life of 
acenaphthene in RO water was determined to be 3.3 min during UV iiTadiation. hi tap water it 
was approx. twice as long. This was probably due to the presence of the radical scavengers 
carbonate and hydrogen carbonate in tap water. This assumption could be proven by 
actinometiic tests during which it was observed that due to competition reactions with natural 
organic water components, fewer photons of the wavelength of 254 nm are available to excite 
tlie uridine molecules.
No significant influence of the oxygen concentration on the degi'adation perfonnance of 
acenaphthene in RO water could be observed.
An interesting obsei'vation was the formation of hydrogen peroxide during the irradiation tests 
in presence of molecular oxygen in the test solution. Here, a decrease of tlie oxygen 
concentration proportional to an increase of the hydrogen peroxide concentration was 
observed. Thus, these results contradict the prevailing opinion of hydrogen peroxide 
formation due to a recombination of OH radicals. It was assumed that the reaction of
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hydrogen atoms with molecular oxygen led to the production of hydroperoxyl radicals which 
reacted fuiflier with organic radicals to yield hydrogen peroxide. In tap water the fonnation of 
hydrogen peroxide was negligible.
The experiments on the degradation of acenaphthene were complemented by mass 
specti'ometry analyses of the formed by-products. One of the formed substances could be 
identified as acenaphthylene which was further degraded during iiTadiation. Hnee more 
detected by-products also reached a concentiation maximum, but at a time when acenaph­
thene concentrations had already fallen to values around the detection limit. Their structure, 
still showing aromatic character, could not, however, be completely identified.
Compared with the degr adation of acenaphthene, the degr adation of vinyl chloride showing 
no absorption at 254 mn was much slower. Depending on the initial vinyl chloride 
concentrations of 25 pg/1 and 4.7 mg/l, a half-life of 6.9 and 10.7 min respectively was 
measured in reverse osmosis water at ambient oxygen conditions. Tlie half-life of ace- 
naphtliene with an initial concentration of 300 pg/1 amounted to 3.3 minutes under identical 
circumstances. It could be proven that vinyl chloride mineralised completely during UV 
iiTadiation; the irradiation time needed for mineralisation was, however, more than twice as 
long as required for the degr adation of vinyl chloride to values below the detection limit. The 
fact that dégr adation was nonetheless effected proves that tliis degradation is resulting fiom a 
different mechanism than 254 nm photolysis. Tliis can only be direct absorption of UV light 
with a wavelength of 185 mn and a radical-induced degradation.
Groundwater Results
The experTiiients on the degradation performance of the contaminants in the groundwater 
comprise the methods UV iiTadiation, UV/areatiori, H2O2 dosage, UV/H2O2, ozone and 
UV/ozorie. Figure 7-1 gives a graphical representation of the results of the stated methods. In 
the case of single treatment with UV, acenaphthene was degraded faster than benzene and 
vinyl chloride. Additional aeration to increase the oxygen concentr ation in the solution fiirther 
accelerated acenaphthene degradation; in the case of benzene and VC, this resulted, however, 
in stripping of these contaminants and no acceleration of the degr adation could be achieved.
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Figure 7-1 Contaminant degradation in groundwater (normalised): Comparison of methods 
UV: blank experiment =  pumped only, UV+Aeration: blank experiment =  pumped and aerated
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No significant degi*adation of the contaminants by dosing 20 mg/l H2O2 without UV 
iiTadiation could be proven. The addition of H2O2 during irradiation in order to generate 
liiglily reactive OH radicals accelerated the degi'adation of all analysed contaminants, an 
initial concentration of 20 mg/l H2O2 being superior to a concentration of 10 mg/l H2O2.
Of all methods analysed, ozonation proved to be tlie most efficient metliod for the elimination 
of PAH and VC. With a dosage of only 4 mg/l of ozone, vinyl chloride, which was only 
moderately degraded by UV inadiation, could be removed completely. Acenaphtliene, having 
a relatively low molar absoiption coefficient compared witli the other analysed PAH, could 
also be removed quickly by ozonation. The degradation rates of fluorene and benzene by 
ozonation were, however, poor. Fluorene was removed completely from the groundwater with 
a dosage of 6 mg/l ozone and benzene with a dosage of 8 mg/l. An experiment combining 
ozonation (8 mg/l) with UV inadiation provided complete elimination of all contaminants 
after a period of time of 6 minutes.
Owing to high concentrations of dissolved iron of approx. 5 mg/l in the groundwater, this 
substance oxidised during the experiments to form trivalent iron in all individual methods and 
combinations, even in the case of UV iiTadiation only. This led to an immediate increase in 
turbidity of the test solution to be iii'adiated, partly resulting in a significant reduction of the 
degi ee of transmission.
During the irradiation of groundwater with a TOC of approximately 5 mg/l, mainly the 
natural organic matter (NOM) was oxidised in competition to tlie contaminants originally to 
be irradiated. During this process, the residual concentiations of oxygen present in the 
reduced gi'oundwater were quickly consumed.
The components of the total organic carbon (TOC) which were present m dissolved form 
(DOC) were clnomatograpliically separated according to their molecular' size, using size 
exclusion cliromatography (SEC). During the cour se of the iiTadiation, the fraction of huinic 
substances decreased significantly, accompanied by an increase in building blocks and the 
ft action of acids.
Compar ed with UV irradiation only, ozonation and the combined methods UV/ozone as well 
as UV/H2O2 significantly increased tlie degradation of TOC. Tlie DOC fractions resulting 
from combined treatment did not differ fundamentally from the fraetions detected in UV 
iiTadiation only. Significantly faster degradation kinetics of the huniic substances fr action, 
however, could be observed. Duiing the course of the experiments, it could be seen in this 
fr action that the molar mass decreased by a lai'ger degiee when applying combined tr eatment 
processes than during single treatment with UV in adiation.
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Figure 7-2 TOC degradation in groundwater (normalised): Comparison of methods
Field Experiments
An intensive monitoring programme initiated after the start of operation of the funnel & gate 
system showed no evidence of significant contaminant reduction and the remediation target 
values could not be met. Therefore an investigation programme at the pilot gate (representa­
tive for the complete remediation plant) was performed to demonstrate that the hydraulics of 
the funnel & gate system was operating properly. The programme consisted of
• testing of the bentonite sealing between the junction of the metal sheets of the funnel 
and the activated carbon filled pilot gate for short circuiting
• examination of activated carbon taken fiom the pilot gate
• measurements of the flow velocity and flow direction inside the pilot gate
• investigation of the spatial distribution of the contaminants directly before and after 
the GAC passage
The inspection of the bentonite seal along the sides of the pilot gate proved that the seal was
intact and effective and that no groundwater could flow around the activated carbon bed. A
comparison of preloaded and retain samples of activated carbon based on nitrobenzene 
isotherms also showed no substantial loading of the carbon after two years of operation.
Measurements of flow velocity and flow direction revealed that there was no distinct flow 
direction of the groundwater towards the gate (perpendicular to the funnel). The performed 
horizontal sampling of the groundwater showed that similar contaminant concentrations were 
measured in the upper two thirds of the in- and outflow of the pilot gate. Remediation of the 
groundwater apparently was effected only in the bottom third of the activated carbon bed. 
From this it was concluded that fiom the beginning of operation, contaminated groundwater
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was flowing over the top of tlie activated carbon filling column and was then mixed with 
treated water from the bottom 3-4 meties in the outflow chamber.
To guar antee sufficient treatment by tliis short-circuit flow, the level of the activated carbon 
was raised by 1.5 m in May 2004 so that all groundwater flowed tlnough tlie activated carbon 
bed even when the water table was higher. Subsequently performed tracer experiments using 
sodium chloride confirmed a flow tlirough the inflow chamber with a velocity of approx­
imately 0.5-0.6 1/s (~2 m^/h) and the PAH concentrations downstream of the entire installation 
(all 8 gates) remained below the remediation target value almost without exception.
hi-situ irradiation experiments were conducted only after tlie functionality and defined flow 
conditions were established in the pilot gate. For tliis purpose, a modular’ assembly was 
chosen with six 120 Watt UV low pressure lamps to form an irradiation unit with outer 
dimensions of 1 m x 1 m. Each unit also contained the electronic ballasts and the power 
connection for the six lamps.
During the course of a six-week monitoring programme at the pilot gate with four UV units in 
operation, irradiated samples were weekly analysed for the pollutant content and the results 
were compared to untreated inflow samples. It could be proven that tlie main contaminant 
acenaphthene present in initial concentrations of approx. 70 pg/l could be removed from the 
groundwater by approx. 50% during in-situ nradiatiori. The concentrations of the PAH 
acenaphthylene, fluorene, fluoranthene and pyrene were reduced by approx. 90%. Benzene 
and VC were removed by 41% and 55%. The energy consumption of tlie four modules 
amounted to 1.33 kWh per rii^  at a flow rate of 2.2 m^/li. Subsequently conducted experiments 
with six modules did not improve the remediation performance.
For the conducted in-situ ozonation experiments, gaseous ozone (35 g/h) was fed into the 
groundwater in the inflow chamber at a depth of approx. 14 m below top ground surface. 
Ozonation proved to be a very efficient method for the removal of VC and the PAH present in 
the groundwater. Even acenaphtliene, present in high initial concentrations, could not be 
detected any more after 180 min of ozonation. The concentration of benzene, a substance 
which was poorly degradable by the other treatment methods tested in laboratory experiments, 
was significantly reduced by in-situ ozonation. As nearly all contaminants could be removed 
by ozonation only, combined UV/ozone tieatment was not applied in situ.
Ozonation reduced tlie TOC of the gi’oundwater by 14.5% at all depths. The spectral 
absorption coefficient SAK254 was reduced by 60%, averaged over deptli. During ozonation, 
an increase in turbidity fiom 0.5 NTU to approx. 7.5 NTU was observed, resulting fiom the 
oxidation of bivalent to trivalent iron.
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8 Conclusions
8.1 Feasibility of in-situ UV Irradiation
Based on the experience gained fiom the conducted experiments as described in this thesis, it 
became clear that UV iiTadiation at the fornier gas works site in Karlsiohe did not produce 
satisfactory results. The main argument against in-situ UV inadiation was the poor 
remediation efficiency of the method: Only approx. 50% of the contaminants present in the 
groundwater could be removed with a total energy demand of the lamps of 1.33 kWh per m .^ 
Mainly because of the liigh concentrations of iron and humic substances at this site, leading to 
the foimation of precipitates on the quartz envelopes and to competition reactions, the 
application of UV inadiation, aimed especially at the removal of vinyl chloride, is not 
advisable for the removal of the contaminants present. Initially, it was assumed that the slow 
gioundwater flow would provide sufficiently long retention times in the inadiation zone. It 
could be, however, proven that the groundwater has a very low transmittance for UV light. 
Thus, inadiation could be effected only in the immediate proximity of the UV lamps, 
significantly impairing the efficiency of inadiation. UV irradiation at tliis site is thus not 
practicable.
hi addition to tlie comparatively low efficiency, the method had several disadvantages which 
have to be taken into account mainly with regard to consti*uction, installation and operation of 
the lamp modules. The sealing of the modules prior to installation was extremely time- 
consuming since leakages occuned which could be detected only with extensive pressure 
tests. Without this quality check it could not have been guaranteed that the lamp flames were 
wateiproof and pressure-tight down to a depth of 15 m.
The initial installation was not only problematic because of the Ingli weight of the individual 
modules, but also because of the limited space in the inadiation chamber which demanded an 
accurate fitting into the slots to prevent the lamps fiom being stuck. 3-4 persons were required 
for installation. Problems during the in-situ inadiation resulted mainly fiom the high iron 
concenti ations of 4-6 mg/l in the gioundwater. In the case of a vertical installation of the UV 
lamps, this led to significant precipitation on the quartz envelopes, causing transmittance 
losses. Although these precipitates were not obseiwed in the case of a horizontal installation, 
finther research is required to detemiine the relevant parameters influencing the foimation of 
precipitates and to prevent precipitation on the quartz envelopes.
For the application of UV iiTadiation at other locations, the detennination of the ti ansmittance 
of the local water is of utmost importance to assess the penetration depth of the UV light. 
Based on the experiences mentioned above it can be generally recommended to assess the 
precipitation behaviour of the water to be iiTadiated using chemical analysis and to perfonn 
on-site tests over several months with an identical UV lamp prior to the use of gioundwater 
iiTadiation devices on a laige scale. In this case, it is advisable to check the UV lamps for
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precipitation at regular intei-vals. Generally, UV lamps should be installed horizontally, hi the 
case of a significant foraiation of iron deposits, the water should be either de-ironed prior to 
inadiation or alternative metliods instead of UV irradiation should be considered. If the 
amount of deposits foimed is tolerable, a cleaning schedule should be set up for the lamps. 
Cleaning can be done manually or by using automatic wipers which are commonly used in the 
disinfection of drinldng water with UV medium pressuie lamps.
8.2 Feasibility of iii-situ Ozonation
hiitially, ozonation was not considered for the treatment of the groundwater at the former gas 
works site. The promising data given in the literature and the good results of the laboratory 
experiments conducted with the gioundwater firom the fonner gas works site were the decisive 
factors for the experimental in-situ ozonation performed. Although the introductory tests were 
only conducted to obtain a very general overview, it could be shown that much better results 
were achieved with ozonation than with UV irradiation. All PAH including VC could be 
removed by 100%; benzene by 90%. It is advisable to conduct further, more detailed 
investigations in order to deteiinine the exact ozone demand and to optimise the technical 
procedure of ozonation.
Ozone has to be produced on site. One problem in this context is the fact that the specific 
circumstances present at the former gas works site in Karlsrulie do not allow extensive 
constiuction above-ground. It is, however, conceivable to install a single ozonation generator 
in a container which provides ozone for the complete funnel and gate system and to feed the 
individual 8 gates via a system of stainless steel pipes in a loop. Tliis option is also more 
favourable fi'om an economic point of view than the installation of several small ozone 
generators, hi general, health and safety aspects have to be taken into consideration when 
dealing with ozone. This concerns the staff members as well as the public. For reasons of 
economy as well as of public health, only a minimal amount of ozone should be dosed so that 
complete consumption of the added ozone duiing the passage tlnough the groundwater is 
achieved.
As only preliminary experiments on m-situ ozonation have been conducted so fax*, the 
investment costs cannot yet be assessed in detail, hi all probability, the data serving as a basis 
for the perfomied tests and calculations can, however, be adjusted downwaids since it is 
evident that lower amounts of ozone would have been sufficient for a satisfactory contaminant 
degradation. The calculation of the electrical energy per order of magnitude based on the 
laboratory experiments showed that ozonation was clearly superior to UV and UV/H2O2 
tieatment for the removal of all pollutants present in the groundwater. Considering all these 
aspects, it can be said that in the case of further actions ozonation is the method of choice for 
the removal of the contaminants present at this specific site.
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APPPENDIX
A Iron determination
B Lamp details and ballasts
C UV module: construction drawing and installation location
D UV Irradiation of VC in RO water: molecular weight distributed DOC
E Laboratory groundwater experiments: molecular weight distributed DOC
=> UV Irradiation, UV/H2 O2, UV/Aeration, Ozonation, UV/Ozone 
F Laboratory groundwater experiments: Vibrio fisheri toxicity test
Comparison of treatment methods 
G Pilot Gate: purification performance before extension
H Pilot Gate: PAH loads
I Pilot Gate: contaminant concentrations during irradiation with 6 lamp modules
APPENDIX A Eon Detennination
Determination of iron concentration by means of the batho-phenanthroline complex 
method in aqueous solution
Method outline
Eon (II) and 1,10-Phenantliroline when mixed together, will fonn a stable orange-red 
complex with a pH in the range of 2.5-9.0. Hie absoi'ption is detemiined tlirough a 
photometiical method and is measured at a wavelength of 533 mn. Using tliis method, the 
total conceiiEation of iron (II) and iron (IE) can be deteiiniiied in water and wastewater. At 
the stai-t, the addition of hydroxyl aimiionium chloride will reduce iron (El) to iron (E). The 
detection range of this experiment is 0.2 -  7.5 mg/1. Possible interferences: copper, chr omium, 
cobalt, zinc, phosphate, bismuth, silver, mercury, cadmium and nickel.
Calibration
The calibration is carried out using a number of samples of Imowii concenEation. Hiese are 
produced from a Fe standard solution and are dependent on tlie required range of the 
experimental detennination. For the calibration the samples are not acidified, as liighly acidic 
solutions will not undergo the chemical reaction.
Method for a 7 point calibration
(Starting solution: Purchased iron stock solution 1000 mg/1 -  Merck A't. -Nr. 1.09972.0001) 
To prepare a 10 mg/1 standaid solution, pipette 10 ml of the Merck-solution into a 1000 ml 
volumeti'ic flask. Then fill the flask up to the mark with distilled water. The solution should 
be fi eslily prepared on the day of use.
Preparation of Iron Stock solutions
Volumetric flask 
number ( 1 0 0  ml) 1 2 3 4 5 6 7
Eon concentration 
(mg/1) 0 0.5 1 2.5 4 5 7.5
Volume of 10 mg/1 
Fe standard solution 
to be added (ml)
0 5 10 25 40 50 75
Then fill each 100 ml volumeti'ic flask up to the mark witli distilled water.
For the calibration of the prepai'ed dilutions, using 50 ml volumeti'ic flasks see table below:
Dilution
concentration
(mg/1)
Volume of 
prepared 
dilution (ml)
Hydroxyl 
ammonium- 
hydrochloride 
1 0 % (ml)
Sodium acetate, 
1 0 % (ml )
Phenantlu'oline
0.08%
(ml)
0 .0  (blank) 0 0.5 1 .0 1 .0 ad 50 ml
0.5 1 0 0.5 1 .0 1 .0 ad 50 ml
1 .0 1 0 0.5 1 .0 1 .0 ad 50 ml
2.5 5 0.5 1 .0 1 .0 ad 50 ml
4.0 2 0.5 1 ,0 1 .0 ad 50 ml
5.0 2 0.5 1 .0 1 .0 ad 50 ml
7.5 2 0.5 1 .0 1 .0 ad 50 ml
APPENDIX A E'on Detennination
The pH of the solutions should lie between 5-7 and they should be colourless. The 
absorbance of the calibration solutions was measured against the prepared blank at 533 nm. If 
the absorbance is > 1, the solution must be diluted. The calibration is acceptable if the 
regression averages around >0.99.
Iron Calibration: 0 - 7.5 ma/l y= 0.4047% 
R2= 0.9997
3.5 
3.0 
«  2.5
s' 2.0
e - 1.5
I  1.0
^ 0.5 
0.0
8.04.00.0 2.0 6.0
Fe concentration [mg/l]
Sample preparation
Total iron: The Fe samples to be measured, were firstly acidified with 30% HCl (0.5 ml of 
acid per 50 ml of sample). In the case of groundwater samples hom the „Gaswerk Ost" the 
samples were acidified, left overnight and then measured the following day.
When measuring Fe"^  ^the samples were firstly filtered using a 0.45 pm membrane filter 
and then acidified with 30% HCl (0.5 ml of acid per 50 ml of sample).
2+
Fe^^: Tlie concentration of Fe^  ^was detemiined by subtracting the concentration of Fe"^  ^from 
the detennined total iron concentration.
.3 + 2+
APPENDIX B UV Lamp Details
UV-Strahler, Vorschaltgerate und Teile aus Quarzglas
uv'technik Speziallampen GmbH
Standard C 7 7  tamps (doped, straight, tow pressure lamps)
UV-C lanq)s designated UVI are doped with a special amalgam which reduces the internal pressure of the 
mercury' vapour. The amalgam means the lamp w ill give more than tw ice the power per unit of length produced by a conventional low pressure
lamp. UVT lanq)s emit radiation mainly of the wavelength 253.7 mn but also 184.9 nm is 
possible. Therefore three different types of quartz are possible on customer request 
according to the intended application. Just like 
conventional low-pressure lamps, amalgam lamps are suitable for use in both air and 
water. However, the higher operating temperature of the latter must be taken into 
account in their application They enable very' compact, high-performance equipment to be 
designed The fact that they can be used in water at quite high temperatures makes them 
very' popular.
geometry  ^(x'alues in mm) electrical data LT- Bower^
types arc
lengd)
BL
total length 
GL widi 
wires'base
tube
diameter
D
lamp
wattage
W
working
current
A
w'orking
voltage*
V
ballast^
total
power
W
(ài Im 
in 
pW/cm®
W l  40 240 290300 15 35 1.2 30 EB-D 200C 12,5 80
UM 60 370 425/435 15 50 1.2 43 EB-D 200C 15 150
UVT70 440 495/505 15 70 12 70 EB-D 200C 20 200
UM 120 785 850/860 15 110 1.5 75 EB-D 200C 35 340
UM 201 1473 1540/1554 15 200 1.5 150 EB-D 200B 72 550
UM 130 770 830/840 19 110 1.85 68 EB-D200A 35 330
UM 160 930 990 1000 19 130 1.85 80 EB-D200A 43 390
UM200 1040 1113/1120 19 170 1.85 100 EB-D200A 46 400
UM 240 1220 1300/1310 19 190 2.0 100 EB-D400D 60 500
UM 260 1470 1540/1554 19 225 2.0 115 EB-D 400C 78 600
UM300 1920 1990/2000 19 265 2.1 155 EB-D400C 90 600
UM 100 480 540/550 25 78 2.2 36 EB-D400C 22 220
UM 140 810 870/880 25 125 2.1 60 EB-D 400C 34 310
UM 200 1130 1190/1200 25 205 2.9 75 EB-D 400B 80 690
UM300 1430 1490/1500 25 260 2.9 92 EB-D 400B 110 860
32 nun diameter lamps are being developed: ballasts (EB-D 400 A) for diese are already as’ailable
^  Woiking \'oltage at 50 Hz with a com'entional ballast Further versions on request.
figure for ICO h. at 253.7 nm and 80°F (approximate)
^  If ballasts not made by m'-techoik are used, it is necessary to consult uv-technik so that o\'erloading of the lanq) or 
the ballast can be prevented, as otherwise no guarantee can be gi\'en.
^  Length valid for lamps without base (w'ire) and for 4 pin base, on request other bases and customer specified bases possible. U-shaped lamps and alternative lengths also a\'ailable, no combination with plastic bases possible as too much heat generation
Working life: 8000 h on the electronic ballast (EVG) w ith maximum 3 on-off switching cy cles per day
6500 h on the conventional ballast 
Average drop in radiation: 35 % after 8000 hEstimated useful life: 1 year
Optimum ambient temperature range: 10 - 40° C
APPENDIX B Electronic Ballasts
UV'Strahier, Vorschaltgerâte und Teiie aus Quarzglas
uv-technik speziallampen GmbH
EB~D 200 Series Electronic Ballasts
This series of ballasts was specially developed foi doped high-performance (amalgam) lamps from om delivery 
program. There are versions for lamps fr om 40 W to 200 W. The cuirent at the lamp can vary between 360 niA and 
2 amps. In most instances, it is possible to match the ballast to similar lamps from other manufactures. 
Furthermore additional functions dimming, operation on a 110 V AC and two lamp supply can be integrated by customer request. The tw^o lamp supply means two identical lamps with the total power like 
above mentioned are connectable.
Safety monitoring systems are included in all the 
devices so that no lamp connection fault is missed; the 
de\ice will be switched off to prevent its being 
damaged. A filament check is made before the 
ignition process is begun, to ensure that there is a 
lamp connected. Thus, if no lamp is detected, there 
will be no dangerous voltages at the output. In the 
course of ignition, the ignition voltage is observ ed for 
too high or too low a value — diis will detect damp or 
current leakage on the one hand, and, on the other, it 
will prevent self-destruction from excess voltage.
Once ignition has taken place, the lanq) current 
continues to be monitored. Excessive increase very' 
rapidly causes the device to be switched off as a safety' 
measure.
Techuicai data;
Mains electricity supply; 
Mains frequency: 
Operating frequency: Degree of efficiency: 
Cos <p:CE compliant 
Initial w arm-up: Ambient temperature:
230or 110VAC,z 10% 
50-60 Hz 
30 - 65 kHz > 90%
0.96yes
provided 0 - 40°C
9E Dtnnm-lnp>u< 1-10V
•s^ 4<VDC/230VAC5 mA" 1A
Temperature at the tc - point: 50°C max. -Fault warning relay: 40 VDC / 230 VAC, 5mA - lA
Dimmer input: 1-1OV (approx .50-100%)Installation: vertical
Cable cross-section: 0.5 -  1.5 mm^  as
indicated on label
LEDyunm
greenAed
240248
ilU <o<o
Currently available:
Type:
Approx. power, 
W
Max. mains 
cuiTent, amps
Lamp current, 
amps
Lamp 0, 
mm
Length of 
lamp, mm
EB-D 200 A 230 R 160-200 0.9 1.8-2.0 19 800 -1200
EB-D 200 B 230 R 200 0.9 1.1-1.6 15 1500
EB-D 200 C 230 R 40 -150 0.6 Ll-L<5 15 300 -1000
EB-D 200 D 230 R 80 -150 0.5 0.8-0.88 15/19 400 -1500
EB-D 200 E 230 R 40-80 0.5 0.5-0.7 15 400- 1000
EB-D 200 F 230 R 40-80 0.5 0.36-0.425 15 400 - 1000
Range being extended.
Dimming function, 1 lOV AC stqDpl}' n^d two lamp supply ai'ailable on request. 
A triac ouqrut for alarm aimunciation is still as'ailable if required
APPENDIX C UV Module
UV Module: construction drawing
I l l s  IIS 125 115 m  Ü5 I l l s
s
m
BOB
UV Module: installation location inside the pilot gate {drawing: Stadtwerke Karlsruhe)
APPENDIX D VC Irradiation: Molecular Weight Distributed DOC
a-
s  s  s
B
APPENDIX E Molecular Weight Distributed DOC
UV an d  U V /H 2 O 2
C h ro m a to g ra p h is c h e  F rak tio n ie ru n g  d e s  CDOC
> 20.000 g/mol 10.000 bis 350 g/mol < 3 5 0  g/mol
1 1P o ly sa c c h a rid e
1
H um ln sto ffe  - 1 1
1 1 
B uilding
1
N eu tra ls to ffe
1
S a u re n
TOC = HOC + CDOC Aromatlzltat M olm asse B locks + A m phiph ile
(Sum m e) + POC (Sum m e) (SAKÆ)OC) m
in p p b  . In p p b In p p b In p p b In p p b U(m g*m) g/m ol In p p b In p p b i In p p b1 % . a m T p c f % # ^ T ( ) C 1 i % a m T O c " % ,a n  T O C j ^ | ^  %  am  TO C , '  _ ' p % ^ T O C . % am  T O C
w ith o u t H 202
0 4599 864 3735 7 1542 2.56 687 1392 750 43
30 4524 855 3669 5 1138 2.13 657 1510 904 112
60 4289 831 3458 2 914 1.91 642 1553 831 158
120 3989 641 3348 2 721 1.38 631 1596 861 • 167
-, - —r .“ j- . L._ r . -  .. . -. --
With H 202
0 4599 864 3735 7 1542 2.56 687 1392 750 43
30 3947 455 3492 3 911 1.41 628 1631 771 177
60 3455 536 2918 12 629 0.88 605 1505 601 172
120 2877 439 2438 1 571 0.34 565 1181 541 144
U V /aeration
> 20.000 g/mol
C h ro m a to g ra p h is c h e  F ra k tio n ie ru n g  d e s  CDOC
10.000 bis 350 g/mol < 350 g/mol
TOC HOC 
(Sum m e) + POC 
in pg/L  In pg/L
P o ly s a c c h a n d e H u m m sto ffe B uild ing
Aromatlzltat Mol m a sse  B lo ck s
N e u tra ls to ffe S a u re n
CDOC + A m p h ip h ile
(Sum m e) (SAK/DOC)
L/(mg*m)in  pg/L In pg/L In pg/LIn pg/L In pg/L In pg/L
% am  T O C am  T O C  %  am  TO C %amTqC%  am  T O C %  am  TO C%  am  T O C am  T O C
2833
90 m in
5 h
16 h 20  m ln
65 h
f  100 32.9 ' ■ 0.3 20.2 - i 2 8 . 9 ^ 0 1  15.9 1.9
3690 1255 2435 10 647 1.82 623 1107 606 65
1 I’ob À 34.0 a . . .  66 .0 0.3 i  17.5 - ■" "wsaK'Et! 'T '-  “  .a 3 0 .Ô # 1 K ^ ’ i 6.4 1.8 .  .4
2720 1276 1444 16 279 0.81 605 722 421 6I . 100 46.9 53.1 0 .6 10.3 ■ “* _  mT 26 .5 - J 5 Æ 0.2  S’
1540 1122 418 2 n.n . - 197 188 31
L . . . I O 9. 72.9 27.1 0.1 -  . 1 2 . 8 ^ #  -  , : 12.2 2 .0
150 48 102 3 - 28 67 3
100 67 .7 2.1 18.9 44.6 2.1
APPENDIX E Molecular Weight Distributed DOC
Ozonation
> 20 .0 0 0  g/mo(
C h ro m a to g ra p h is c h e  F ra k tio n ie ru n g  d e s  CDOC
10.000 bis 3 50  g/mol < 3 50  g /m d
I 1---------------------1--------I P o ly s a c c h a r id e  H u m ln sto ffe
TO C HOC CDOC
(S u m m e) + PO C (S um m e)
In pg/L  j In pg/L  . In pg/L  ; In pg/L  j In pg/L
%  am  T O C ? %  a m  TOC?* %  am  T O C ®  %  am  T O C  E' %  am  T O C
 1---------------------1 B u ild in g
Aromatizitat M d m a s s e  B lo c k s  
(SAK/DOC) (Mn)
L/(m g*m ) g /m o l ; In pg/L
N e u tra ls to ffe  
+ A m p h ip h ile
In pg/L
O m in  : 6 295  1276 5019  bdl 1458
[ 2 3 .2
1763
28.6
1696
S a u r e n
In pg/L
101
26 .9 1.6
7  m ln
19 m ln
423 2 760 3472 bdl 899 1212 1134 226
I 100  18 .0  -  ' 82 .0 21.2 2 8 .6 .
4205 775 3430
100 18.4  . 81 .6
bdl5m ' 904 1183 1080 26221.6 28.1 25 .7 6.2
UV/ozone
0 m ln
TOC 
(S um m e 
In pg/L
HOC 
+ PO C 
; In pg/L
C h r o m a to g ra p h is c h e  F ra k tio n ie ru n g  d e s  CDOC
>20.000 g /m d  10.000 bis 350 g /m d  <350 g /m d
1
1 P o ly s a c c h a r id e  
CDOC 
(S um m e)
In pg/L  In pg/L
1 1 1
N e u tra ls to ffe  
+ A m p h ip h ile
In pg/L
~1
S a u r e n  
In pg/L
H u m ln sto ffe  
In pg/L
1
Aromatizitat
(SAKAJOC)
L/(m g*m )
1 B u ild in g  
M d m a s s e  B lo c k s  
(Mn)
g /m o l . in  pg/L
1 %  am  TOC™ % am  T O C , /o am  T O C M  % am  T O C  %  am  T O p - -  am  T O C  ^ %  am  T O C * ^% am T O B
6067 1307 4760 10 2613 n .m . n .m . 1280 815 42
j' 100 21.5 M 43.1 - -  ^  21.1 - . . 1 3 . 4 ; , ^ . 0.7
3 m ln 5618 200 5418 9 1625 n .m . 1312 2473 0\ 100 Ù 96.4 2  -  W Sà 28.9 - 44.0 ■I 0 .0 5 :
10 m ln 4811 240 4571 4 1480 n.m . n .m . 1284 1803 0
i 100 ^ 5 . 0 95.0 -  t a n 30.8 - . .  267 f 37.5 0.0
50 m in 3034 106 2928 5 1109 n.m . n .m . 1309 415 89
] 100 1  1 3.5 if 36.6 - 5 : ^ # C 4 3 . i  -4 13.7 f 2.9
150 m ln 2230 46 2184 14 769 n .m . 1020 380 1J 34.5 - m # ;  45.7 5 :^ 0.0
18 h 328 137 191 3 n.m . n .m . 66 74 48
100 " J . 581 . — - -  ?  20.1 -1 22.6 14.6
APPENDIX F Laboratory Groundwater Experiments: Toxicity Tests
UV only
Sample concentmtion in %
IiTadiation . 0.78 1.56 3.13 6.25 12.5 25 50
time [min] Luminescence inhibition in % after 30 min contact time
0 -27.78 -28.32 -41.53 -61.93 -48.72 -29.32 -9.78
15 -21.47 -29.87 -43.29 -58.33 -63.07 -38.84 -30
30 -1.62 -26.6 -35.24 -43.76 -31.25 -19.18 -17.3
45 -16.48 -27.91 -39.29 -40.86 -30.28 -18.36 -11.59
60 -23.28 -27.84 -40.85 -39.46 -42.97 -38.96 -33.5
1 2 0 -17.24 -29.04 -29.87 -41.42 -42.09 -35.6 -28.97
U V  + H 2O 2(10m g/l)
Sample concentration in %
Inadiation . 0.78 1.56 3.13 6.25 12.5 25 50
time [min] Luminescence inhibition in % after 30 min contact time
0 -22.29 -33.68 -51.36 -61.5 -61.97 -57.77 -44.77
15 -14.52 -31.69 -55.67 -67.11 -61.53 -51.42 -42.43
30 -15.9 -31.52 -48.01 -59.89 -52.49 -38.52 -28.61
45 -14.03 -31.96 -48.57 -54.75 -46.54 -25.29 -3.43
60 -52.47 -66.07 -88.83 -101.89 -103.51 -98.95 -73.63
1 2 0 -52.06 -60.9 -91.34 -97.49 -90.78 -82.78 -68.04
U V  +  H 2 O 2  (20 mg/1)
Sample concentration in %
Irradiation , 0.78 1.56 3.13 6.25 12.5 25 50
time [min] Luminescence inhibition in % after 30 min contact time
0 -41.61 -59.22 -92.18 -111.64 -104.36 -102.29 -80.78
15 -14.22 -3.95 -43.32 -67.33 -53.69 -47.46 -61.36
30 -2 2 .0 2 -32.71 -45.85 -70.05 -61.27 -43.1 -30.57
45 -20.67 -21.53 -50.63 -58.32 -47.52 -34.33 -11.29
60 -19.88 -32.93 -33.48 -39.4 -47.87 -47.43 -28.89
1 2 0 -29.54 -34.8 -60.35 -45.17 -59.37 -37.92 -38.04
APPENDIX G Pilot Gate: Purification Performance before Extension
♦  inflow O outflow behind g a t e  target value 1 gg/1
10
8
M) 6
4
2
0 2 o(NO (NO mo(NO ooo o
behind gate♦  inflow O outflow
100 1
10 i
(N(N (N CN O
O h o,
♦  inflow O outflow behind gate
10
9
8
7
6
5
4
3
2
1
0 mo 3<NO CNO moCNOoo o
O h
(behind gate: sampling point approx. 5 m downstream of the f&g system)
APPENDIX H Pilot Gate: PAH Loads
Gate 1-8: PAH loads and purification performance [Kühlers 2006]
Montli
Total-
Inflow
[g]
Passage 
Nortli and Soutli 
[g]
Outflow of 
Gates 
[g]
Purification 
at die gates 
[g]
Purification 
at the gates 
[%]
Apr 01 1759.3 32.8 673.7 1052.8 59.8
May 01 1754.8 63.0 552.1 1139.6 64.9
JunOl 1826.8 169.9 430.6 1226.4 67.1
JulOl 1787.2 165.1 309.0 1313.1 73.5
Aug 01 1663.2 75.9 322.6 1264.7 76.0
Sep 01 1621.8 69,3 336.2 1216.3 75.0
Oct 01 1674.6 156.9 349.9 1167.8 69.7
Nov 01 1659.2 194.6 346.8 1117.8 67.4
Dec 01 1602.2 190.6 343.8 1067.8 66.6
Jan 02 1532.2 173.6 340.8 1017.8 66.4
Feb 02 1614.3 308.8 365.3 940.2 58.2
Mar 02 1703.0 450.6 389.9 862.5 50.6
Apr 02 1460.7 261.3 414.4 784.9 53.7
May 02 1636.9 364.9 383.7 888.3 54.3
Jun02 1599.0 254.3 353.0 991.7 62.0
Jul02 1743.2 325.9 322.3 1095.1 62.8
Aug 02 1921.9 431.9 343.9 1146,0 59.6
Sep 02 1818.5 255.9 365.6 1197.0 65.8
Oct 02 1846.3 211.1 387.3 1248.0 67.6
Nov 02 1855.2 282.1 346.5 1226.5 66.1
Dec 02 1846.1 335.3 305.8 1205.1 65.3
Jail 03 1871.3 422.7 265.0 1183.6 63.3
Feb 03 1897.0 510.5 217.3 1169.2 61.6
Mar 03 1781.6 457.3 169.5 1154.8 64.8
Apr 03 1567.1 305.0 121.7 1140.3 72.8
May 03 1479.0 198.6 136.1 1144.3 77.4
Jun03 1383.7 85.0 150.5 1148.2 83.0
Jul 03 1374.3 57.2 164.9 1152.2 83.8
Aug 03 1390.5 55.1 137.9 1197.5 86.1
Sep 03 1417.7 63.9 110.9 1242.9 87.7
Oct 03 1428.3 56.2 83.8 1288.3 90.2
Nov 03 1388.8 36.5 152.4 1199.9 86.4
Dec 03 1355.6 23.1 220.9 1111.5 82.0
2001 15348.9 1117.9 3664.7 10566.3 68.9
2002 20577.2 3655.6 4318.5 12603.0 61.0
2003 18335.0 2271.3 1930.8 14132.8 78.3
APPENDIX H Pilot Gate: PAH Loads
Gate 1-8: PAH loads and purification performance (Cont’d)
Month
Total-
Inflow
[g]
Passage 
North and South 
[g]
Outflow of 
Gates 
[g]
Purification 
at the gates 
[g]
Purification 
at tiie gates 
[%]
Jan 04 1330.9 18.3 289.4 1023.2 76.9
Feb 04 1305.0 12.3 221.1 1071.7 82.1
Mar 04 1279.6 6.7 152.7 1120.2 87.5
Apr 04 1262.2 9-1 84.4 1168.7 92.6
Extension of the gates (1.5 m)
May 04 1245.0 11.8 16.0 1217.2 97.8
Jvui 04 1324.5 7.2 13.4 1303.9 98.4
Jul 04 1406.1 4.6 10.8 1390.6 98.9
Aug 04 1488.7 3.2 8.2 1477.3 99.2
Sep 04 1572.2 2.6 9.1 1560.5 99.3
Oct 04 1656.4 2.6 10.0 1643.8 99.2
Nov 04 1740.9 3.0 10.9 1727.0 99.2
Dec 04 1647.5 3.1 8.5 1635.9 99.3
Jan 05 1553.4 2.5 6.1 1544.9 99.4
Feb 05 1459.7 2.2 3.7 1453.8 99.6
Mar 05 1369.6 5.7 3.6 1360.3 99.3
Apr 05 1276.8 6.4 3.6 1266.9 99.2
May 05 1181.2 4.2 3.6 1173.4 99.3
Jun05 1316.2 4.1 3.2 1308.8 99.4
Jul 05 1451.7 4.6 2.9 1444.2 99.5
Aug 05 1590.3 8.1 2.6 1579.6 99.3
Sep 05 1410.8 7.5 2.6 1400.7 99.3
Oct 05 1231.4 7.0 2.5 1221.9 99.2
Nov 05 1055.4 9.9 2.5 1043.0 98.8
Dec 05 1235.0 12.8 2.8 1219.4 98.7
Jan 06 1410.5 11.5 3.1 1395.9 99.0
Feb 06 1585.9 10.2 3.4 1572.3 99.1
Mar 06 1567.0 8.2 2.9 1555.9 99.3
Apr 06 1548.1 6.1 2.4 1539.6 99.5
May 06 1525.1 0.0 1.9 1523.2 99.9
2004 17258.9 84.4 834.6 16339.9 94.2
2005 16131.5 74.9 39.7 16016.9 99.3
2006 7636.6 36.0 13.7 7586.9 99.3
Sum 88856.6 7240.2 10802.1 77245.8 82.4
APPENDIX I Pilot Gate: Contaminant Concentrations
Contaminant concentrations during irradiation with 6 lamp modules
week
Contaminant 1 2 3 4 5 6 7 8
Benzene lig/l 1.9 2.3 2 0.5 0.4 0.4 0.5 0.6
Vinyl chloride Pg/1 7.9 6 54.5 12.7 19.7 17.8 32 39
Acenaphthylene ng/1 330 440 4,100 360 540 2,400 330 2,400
Acenaphthene ng/1 10,000 11,000 24,000 9,700 9,100 14,000 7,300 14,000
Fluorene ng/1 1,300 1,300 2,800 990 930 850 530 850
Anthracene ng/1 0 0 120 0 0 0 0 0
Fluoranthene ng/1 560 650 1,300 520 560 750 690 750
Pyrene ng/1 460 530 980 410 440 550 530 550
PAH, Sum 12,650 13,920 33,300 11,980 11,570 18,550 9,380 18,550
Temperature °C 14.7 17.4 8.9 17.4 17.5 9.0 17.8 10.9
irradiated
